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PREFACE TO FIFTH EDITION. 


When this work was first in preparation the author had before 
him the problem of teaching thermodynamics so that students in 
engineering could use the results immediately in connection with 
experiments in the Engineering Laboratories of the Massachu- 
setts Institute of Technology. The acceptance of the book by 
teachers of engineering appears to justify its general plan, which 
will be adhered to now that the development of engineering calls 
for a complete revision. 

The author is still of the opinion that the general mathematical 
presentation due to Clausius and Kelvin is most satisfactory and 
carries with it the ability to read current thermodynamic inves- 
tigations by engineers and physicists. At the same time it is 
recognized that recent investigations of superheated steam are 
presented in such a way as to narrow the applications of the 
general method so that there is justification for those who prefer 
special methods for those applications. To provide for both 
views of this subject, the general mathematical discussion is 
presented in a separate chapter, which may be omitted at the 
first reading (or altogether), provided that the special methods, 
which also are given in the proper places, are taken to be sufficient. 

The first edition presented fundamental data not generally 
accepted at that time, so that it was considered necessary to 
justify the data by giving the derivation at length; much of this 
matter, which is no longer new, is removed to an appendix, to 
relieve the student of discussions that must appear unnecessary 
and tedious. 

The introduction of the steam-turbine has changed adiabatic 
calculations for steam, from an apparent academic abstraction, to 
a common necessity. To meet this changed condition, the Tables of 
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Properties of Saturated Steam have had added to them columns 
of entropies of vaporization; and further there has been 
computed a table of the quality (or dryness factor) the heat 
contents and volume at constant entropy, for each degree 
Fahrenheit. This table will enable the computer to deter- 
mine directly the effect of adiabatic expansion to any pres- 
sure or volume, and to calculate with ease the external work 
in a cylinder or the velocity of flow through an orifice or nozzle 
including the effect of friction; and also to determine the distri- 
bution of work and pressure for a steam-turbine. For the 
greater part of practical work this table may be used without 
interpolation, or by interpolation greater refinement may be had. 

Advantage is taken of recent experiments on the properties of 
superheated steam and of the application to tests on engines to 
place that subject in a more satisfactory condition. Attention 
is also given to the development of internal combustion engines 
and to the use of fuel and blast-furnace gas. A chapter is given 
on the thermodynamics of the steam-turbine with current method 
of computation, and results of tests. 

So far as possible the various chapters are made independent, 
so that individual subjects, such as the steam-engine, steam-tur- 
bine, compressed-air and refrigerating machines, may be read 
separately in the order that may commend itself. 


PREFACE TO FIRST EDITION. 


This work is designed to give instruction to students ir 
technical schools in the methods and results of the applicatioi 
of thermodynamics to engineering. While it has been considerec 
desirable to follow commonly accepted methods, some part 
differ from other text-books, either in substance or in manner c 
presentation, and may require a few words of explanation. - 

The general theory or formal presentation of thermodynamic 


PREFACE 


V 


is that employed by the majority of writers, and was prepared 
with the view of presenting clearly the difficulties inherent in the 
subject, and of giving familiarity with the processes employed. 

In the discussion of the properties of gases and vapors the 
original experimental data on which the working equations, 
whether logical or empirical, must be based are given quite 
fully, to afford an idea of the degree of accuracy attainable in 
calculations made with their aid. Rowland’s determination of 
the mechanical equivalent of heat has been adopted, and with it 
his determination of the specific heat of water at low tempera- 
tures. The author’s “Tables of the Properties of Saturated 
Steam and Other Vapors” were calculated to accompany this 
work, and may be considered to be an integral part of it. 

The chapters on the flow of gases and vapors and on the 
injector are believed to present some novel features, especially 
in the comparisons with experiments. 

The feature in which this book differs most from similar 
works is in the treatment of the steam-engine. It has been 
deemed advisable to avoid all approximate theories based on 
the assumption of adiabatic changes of steam in an engine 
cylinder, and instead to make a systematic study of steam- 
engine tests, with the view of finding what is actually known on 
the subject, and how future investigations and improvements 
may be made. For this purpose a large number of tests have 
been collected, arranged, and compared. Special attention is 
given to the investigations of the action of steam in the cylinder 
of an engine, considerable space being given to Hirn’s researches 
and to experiments that provide the basis for them. Directions 
are given for testing engines, and for designing simple and com- 
pound engines. 

Chapters have been added on compressed-air and refrigerating 
machines, to provide for the study of these important subjects 
in connection with the theory of thermodynamics. 

Wherever direct quotations have been made, references have 
been given in foot-notes, to aid in more extended investigations. 
It does not appear necessary to add other acknowledgment of 


vi PREFACE 

assistance from well-known authors, further than to say that 
their writings have been diligently searched in the preparation 
of this book, since any text-book must be ’largely an adaptation of 
their work to the needs of instruction. 

C. H. P. 

Massachusetts Institute oe Technology, 

May, 1889. 


PREFACE TO FOURTH EDITION. 


A thorough revision of this work has been made to bring 
it into accord with more recent practice and to include later 
experimental work. Advantage is taken of this opportunity to 
make changes in matter or in arrangement which it is believed 
will make it more useful as a text-book. 

C. H. P. 

Massachusetts Institute of Technology 
July, 1898. 
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THERMODYNAMICS OF THE STEAM-ENGINE, 


CHAPTER I. 

THERMAL CAPACITIES. 

The object of thermodynamics, or the mechanical theory of 
heat, is the solution of problems involving the action of heat, 
and, for the engineer, more especially those problems presented 
by the steam-engine and other thermal motors. The substances 
in which the engineer has the most interest are gases and vapors, 
more especially air and steam. Fortunately an adequate treat- 
ment can be given of these substances for engineering purposes. 

First General Principle. — In the development of the theory 
of thermodynamics it is assumed that if any two characteristics 
or properties of a substance are known these two, treated as 
independent variables, will enable us to calculate any third 
property. 

As an example, we have from the combination of the laws of 
Boyle and Gay-Lussac the general equation for gases, 

P RT , 

in which p is the pressure, v is the volume, T is the absolute 
temperature by the air-thermometer, and R is a constant which 
for air has the value 53.35 when English units are used. It is 
probable that this equation led to the general assumption just 
quoted. That assumption is purely arbitrary, and is to be justi- 
fied by its results. It may properly be considered to be the first 
general principle of the theory of thermodynamics; the other 
two general principles arc the so-called first and second laws of 
thermodynamics, which will be stated and discussed later. 
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Characteristic Equation. — Ail equation which gives th 
relations of the properties of any substance is called the charac 
teristic equation for that substance. The properties appearin 
in a characteristic equation are commonly pressure, volum' 
and temperature, but other properties may be used if convcnien 
The form of the equation must be determined from experiment 
either directly or indirectly. 

The characteristic equation for a gas is, as already quota 

pv = RT. 

The characteristic equation for an imperfect gas, like supc 
heated steam, is likely to be more complex; for example, l! 
equation given by Knoblauch, Linde, and Klebe is 

pv = BT — p (i T up) [C • 

On the other hand, the properties of saturated steam, cspccia 
if mixed with water, cannot be represented by a single cquatk 

Specific Pressure. — The pressure is assumed to be a hydt 
static pressure, such as a fluid exerts on the sides of the CC 
taining vessel or on an immersed body. The pressure 
consequently the pressure exerted by the substance under cc 
sideration rather than the pressure on that substance. E 
example, in the cylinder of a steam-engine the pressure of ' 
steam is exerted on the piston during the forward stroke a 
does work on the piston; during the return stroke, when 
steam is expelled from the cylinder, it still exerts pressure 
the piston and abstracts work from it. 

For the purposes of the general theory pressures 
expressed in terms of pounds on the square foot for the Fngl 
system of units. In the metric system the pressure is expres 
in terms of kilograms on the square metre. A pressure t 
expressed is called the specific pressure. In engineering prac 
other terms are used, such as pounds on the square inch, inc 
of mercury, millimetres of mercury, atmospheres, or kilogrs 
on the square centimetre. 
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Specific Volume. — It is convenient to deal with one unit of 
weight of the substance under discussion, and to consider the 
volume occupied by one pound or one kilogram of the substance; 
;> this is called the specific volume, and is expressed i‘n cubic feet or 
in cubic metres. The specific volume of air at freezing-point 
and under the normal atmospheric pressure is 12.39 cubic feet; 
; the specific volume of saturated steam at 2i2°F. is 26.6 cubic 

i feet; and the specific volume of water is about-——, or nearly 

i 62.4 

; 0.016 of a cubic foot. 

Temperature is commonly measured by aid of a mercurial 
£ thermometer which has for its reference-points the freezing- 

v point and boiling-point of water. A centigrade thermometer 

f; has the volume of the stem between the reference-points divided 

I ■ into one hundred equal parts called degrees. The Fahrenheit 
L thermometer differs from the centigrade in having one hundred 

and eighty degrees between the freezing-point and the boiling- 
point, and in having its zero thirty-two degrees below freezing. 

The scale of a mercurial thermometer is entirely arbitrary, 
and its indications depend on the relative expansion of glass and 
mercury. Indications of such thermometers, however carefully 
made, differ appreciably, mainly on account of the varying 
nature of the glass. For refined investigations thermomelric 
readings are reduced to the air-lhcrmometer, which has the 
advantage that the expansion of air is so large compared with 
the expansion of glass that the latter has little or no effect. 

It is convenient in making calculations of the properties of 
air to refer temperatures to the absolute zero of the scale of the 
air-thermomclcr. To get a conception of what is meant by this 
expression wc may imagine the air-thermometer to be made of 
a uniform glass tube with a proper index to show the volume 
of the air. The position of the index may be marked at boiling- 
point and at freezing-point as on the mercurial thermometer, 
and the space between may be divided into one hundred parts 
or degrees. If the graduations arc continued to the closed end 
of the lube there will be found to be 273 of them. It will be 
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shown later that there is reason to suppose that the absolute* 
zero of temperature is 273 0 centigrade below the freezing-point 
of water. Speculations as to the meaning of absolute zero and 
discussions concerning the nature of substances at that temper* 
alurc are not now profitable. It is sufficient to know that 
equations are simplified and calculations arc facilitated by this 
device. For example, if temperature is reckoned from the 
arbitrary zero of the centigrade thermometer, then the charac* 
teristic equation for a perfect gas becomes 

pV = („ + ')*’ 

in which a is the coefficient of dilatation and — = 273 nearly, 

a 

In order to distinguish the absolute temperature from the 
temperature by the thermometer we shall designate the former 
by T and the latter by t , bearing in mind that 

T » t + 2 73 0 centigrade, 

T = t + 459. 5 Fahrenheit. 



Physicists give great weight to the discussion of a scale of -j 
temperature that can be connected with the fundamental units q 

of length and weight like the foot and the pound. Such a scale, ; 1 
since it docs not depend on the properties of any substance 
(glass, mercury, or air), is considered to be the absolute scale of j 

temperature. The differences between such a scale and the H 

scale of the air-thermometer are very small, and arc difficult to 1 

determine, and for the engineer arc of little moment. A.I the 5 

proper place the conception of the absolute scale can be easily 

stated. : 

Graphical Representation of the Characteristic Equation, — - 

Any equation with three variables may be represented by a 
geometrical surface referred to co-ordinate axes, of which surface 
the variables arc the co-ordinates. In the case of a perfect gas i 
which conforms to the equation 

pv = RT t ; 


i 
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Fig. i. 


the surface is such that each section perpendicular to the axis 
of T is a rectangular hyperbola (Fig. i), 

Returning now to the general case, 
it is apparent that the characteristic 
equation of any substance may be repre- 
sented by a geometrical surface referred 
to co-ordinate axes, since the equation is 
assumed to contain only three variables; 
but the surface wilt in general be less 
simple in form than that representing the 
combined laws of Hoyle and Gay-Lussac. 

If one of the variables, as 7 ’, is given a special constant value, 
it is equivalent to taking a section [ter pend iculctr to the axis of 
T ; and a plane curve will he cut from the surface, which may 
be conveniently projected on the (/>, v) plane. The reason for 
choosing the (/>, v } plane is that the curves correspond with 
those drawn by the steam-engine indicator. 

Considerable use is made of such thermal curves in explaining 
thermodynamic conceptions. As a rule, a graphical process 
or representation is merely another way of presenting an idea 
that 1ms been, or may be, presented analytically ; there is, how- 
ever, an advantage in representing a condition or a change to 
the eye by a diagram, especially in a discussion which appears 
to be abstract. A number of thermal curves are explained on 
page 1 6. 

Standard Temperature, --For many purposes it Is convenient 
to take the freezing-point of water for the standard temperature, 
since it is one of the reference- points on the thermometric scale; 
this is especially true for air, Rut the properties of water change 
rapidly at and near freezing-point and arc very imperfectly 
known. It has consequently become customary to take 6a°F. 
for the standard tempera turo for the English system of units; 
there is a convenience In this, inasmuch as the pound and yard 
arc atanchmlfi at that temperature. For the metric system 75 0 G. 
is used, though the kilogram and metre arc standards at freezing- 
point. 





thermal units (b. t. u.). A British thermal unit is tl 
required to raise one pound of water from 62° F. to 63' 
like manner a calorie is the heat required to raise one k 
of water from 15 0 C. to 16 0 C, 

Specific Heat is the number of thermal units required 
a unit of weight of a given substance one degree of tempi 
The specific heat of water at the standard temperatun 
course, unity. 

If the specific heat of a given substance is constant, tl 
heat required to raise one pound through a given range 
perature is the product of the specific heat by the incr 
temperature. Thus if c is the specific heat and t — is th 
of temperature the heat required is 

Q »= c {t ~~ t\ ), and c = 

If the specific heat varies the amount of heat must bo oi 
by integration — that is, 

Q = f Cdty 

and conversely 


It is customary to distinguish two specific heats for 
gases; specific heat at constant pressure' and specific 1 
constant volume, which may be represented by 



m and c. - 9* : 




\8t/v’ 


the subscript attached to the parenthesis indicates the pi 
which is constant during the change. It is evident tl: 
specific heats just expressed are partial differential coefific 
Latent Heat of Expansion is the amount of heat requ 
increase the volume of a unit of weight of the substance 
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cubic foot, or one cubic metre, at constant temperature. It 
may be represented by 

l * 


Thermal Capacities* — The two specific heats and the latent 
heal of expansion are known as thermal capacities. It is cus- 
tomary to use three other properties suggested by those just 
named which are represented as follows: 


))l <n» 


© : n " © an<l ° 


(§Q\ 

\ Sv/p 


The first rcprcscnls the amount of heal that must be applied 
to one pound of a substance (such us nir) to increase the pressure 
by the amount of one pound per square foot at constant tem- 
perature; this property i9 usually negative and represents the 
heat that must he abstracted to prevent the temperature from 
rising. The other two can be defined in like manner if desired, 
but it is not very important to state the definitions nor to try to 
gain a conception as to what they mean, as it is easy to express 
(hem in terms of the first three, for which the conceptions are 
not difficult. They have no names assigned to them, which is, 
on (he whole, fortunate, ns, of the first three, two have names that 
have no real significance, and the third is a misnomer. 

General Equations of the Effects Produced by Heat. — In 
order to be able to compute tiie amount of heal required to 
produce a change in a substance by aid of the characteristic 
equation, it Is necessary to admit that there is a functional rela- 
tion between the. heat applied and some two of the properties 
that enter into the characteristic equation. It will appear later 
in connection with the discussion of the first law of thermody- 
namics (hat an integral equation cannot in general be written 
directly, but we may write a differential equation in one of the 
three following forms: 


dQ 


di 


dv } 


dQ ~(~i\ dt + (*©/* 

d Q - + ©/*' 


or substituting for the partial differential coefficients the letters 
which have been selected to represent them) 


dQ = c v dl + Idv 
dQ - c p dl 4- mdp 
dQ = ndp + odv 


(0 

(2) 

(3) 


This matter may perhaps be 
clearer if it is presented graph- 
ically as in Fig. 2 , where ah is 
intended to represent the path 
of a point on the characteristic 
surface in consequence of the 
addition of the heat dQ. There 
will in general be a change of 
temperature volume and pres- 
sure as indicated on the figure. 

Now the path ab , which 
for a small change may 
be considered to be a straight 
line, will be projected on 
the three planes at a'b', a"b" and a"'b'". The projection on the 
(v,T) plane may be resolved into the components Sv and' ST; 
the first represents a change of volume at constant temperature 
requiring the heat Idv , and the second represents a change of tem- 
perature at constant volume requiring the heat tydl. Conse- 
quently the heat required for the change in terms of the volumo 
and temperature is 
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dQ = c v dl "t* idv. 
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Relations of the Thermal Capacities. — The three equations 
(i), (2), and (3), show the changes produced by the addition of 
an amount of heat dQ to a unit of weight of a substance, the 
difference coming from the methods of analyzing the changes. 
We may conveniently find the relations of the several thermal 
capacities by the method of undetermined coefficients. Thus 
equating the right-hand members of equations (r) and (2), 

c v dt H- Idv *= CjfU - 1 * md {> (a) 

From the characteristic equation wc shall have in general 

v « F (/>, T)f 

us, for example, for air we have 


and consequently we may write 


,lv - + ij'lp, 


wliich substituted in cc|ualion (*j) gives, 

c p i(l -h ntdfo « c v dl 'I- / (~^j dl T dp^j • 

c p dl mdp » ^ -h / dt -f l . 


• ( 5 ) 


It will be noted that, as T dilTers from l only by the addition 
of a constant, the differential dl may be used in all cases, whether 
we arc dealing with absolute temperatures, or temperatures on 
the ordinary thermometer. 

(n equation (5) p and T arc independent variables, and each 
may have all possible values; consequently wc may equate like 
coefficients. 


• . C, - c, + l Y t 


( 6 ) 


Also, equating the remaining coerncu-ms, 


1 if = m 


If the characteristic equation is solved for the pressure we 
shall have „ N 


so that 


p — F\ (F ) ^)> 

d p~~h il + ~t dv 


which substituted in equation (4) gives 

c p dl + ni (~^ dt + -jr dv ) = c v dt + Idv. 

+ m dl + m dv = c v dt + Idv. 


Equating like coefficients, 


+ m Si ' Cv ’ * * 

- w ir “ # * 


From equations (2) and (3) 

c p dl + mdp = ndp + odv # »• * • v 1 

and from an equation 

T - F, ( v , p) 

t dv + ip dp; 

which latter substituted in equation (n) gives 

c„% dv+c,£. dp +■ mdp - ndp + Odv. 
p Sy op 


Equating coefficients of dv, 
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Finally, from equations (i) and (3), 

c v (U -h Idv ='mlp -\~ odv (13) 

Substituting for dl as above, 

81 8 / 

c v dv -I* c v dp -|- Idv = nd p -b odv. 

Equating coefficients of dp, 

H 5=5 Cv Jp (* 4 ) 

For convenience the several relations of the thermal capacities 
may be assembled as follows: 


1 

, , fit 

1 

1 (( p r,,) " - ; 

i. 

ov 

I- 

k 

%■/ . 

n « c t , y~ 


w 


0 c. 


(f )> £») % 




op 


ii 

Sv 


fll ax l 


8 v 

Bp 



They arc the necessary algebraic relations of the literal func* 
tions growing out of the first general principle, and arc inde- 
pendent of the scale of temperature, or of any other theoretical 
or experimental principle of thermodynamics other than the one 
already stated — namely, that any two properties of a given 
substance, treated as independent variables, are sufficient to 
allow us to calculate any third property. 

Of the six thermal capacities the specific heat at constant 
pressure is the only one that is commonly known by direct 
experiment. For perfect gases this thermal capacity is a con- 
stant, and, further, the ratio of the specific heals 

cm K 

C v 

is a constant, so that c v is readily calculated. The relation? of 
the thcr mal capacities allow us 10 calculate values for the 


other thermal capacities, l , m, n , and o, provided that we 
first determine the several partial differential coefficients w! 
appear in the proper equations. But for a perfect gas 
characteristic equation is 

pv « RT, 

from which wc have 

Sv R ' Sj>_ R 

~St ~ p ' Si “ v * 

Si _ 7; &_p 

S p~ R' Sv ~ 

Substituting these values in the equations for the tho 
capacities, we have 

l =s ^ ( c p C c)» w ~ ^ ( C J> C v)\ 


n 


v 




by aid of which the several thermal capacities may be caicul 
numerically, or, what is the usual procedure, may be represo 
in terms of the specific heats. 


CHAPTER II. 


FIRST LAW OF THERMODYNAMICS. 

Tire formal statement of the first law of thermodynamics is: 

Heat and mechanical energy are mutually convertible , and 
heal requires for its production and produces by its disappearance 
a definite number of units of work for each thermal unit. 

This law, which nmy he considered to he (lie second general 
principle of thermodynamics, is the statement of a well-deter- 
mined physical fact. It is a special statement of the general 
law of the conservation of energy, i.e., that energy nmy be trans- 
formed from one form to another, but can neither be created 
nor destroyed. Jl should he staled, however, that Hie general 
law of conservation of energy, though universally accepted, has 
not been proved by direct experiment in all cases; there may be 
cases that are not susceptible of so direct a proof as we have for 
the transformation of heal into work. 

The best determinations of the mechanical equivalent of heat 
were made by Rowland, whose work will be considered in detail 
in connection with the properties of steam and water. From 
his work it appears that 778 foot-pounds of work are required to 
raise one pound of water from 62° to 63° Fahrenheit; this value 
of the mechanical equivalent of heal is now commonly accepted 
by engineers, and is verified by the latest determinations by 
Joule and other experimenters. 

The values of the mechanical equivalent of heat for the Eng- 
lish system and for the metric system are: 

I ]], T* Hi 873 778 foot-pounds. 

1 calorie svn i 126.9 met re- kilograms. 

This physical constant is commonly represented by the letter 
/; the reciprocal is represented by A. 
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monly quoted as 772 for the English system and 424 for the 
metric system. The error of these values is about one per cent. 

Effects of the Transfer of Heat. — Let a quantity of any sub- 
stance of which the weight is one unit — i.c., one pound or one 
kilogram — receive a quantity of heat dQ. It will, in general, 
experience three changes, each requiring an expenditure of 
energy. They are: (1) The temperature will be raised, and, 
according to the theory that sensible heat is due to the vibra- 
tions of the particles of the body, the kinetic energy will be 
increased. Let dS represent this change of sensible heat or 
vibration work expressed in units of work. (2) The mean 
positions of the particles will be changed; in general the body 
will expand. Let dl represent the units of work required for 
this change of internal potential energy, or work of disgregation. 
(3) The expansion indicated in (2) is generally against an exter- 
nal pressure, and to overcome the same — that is, for the change 
in external potential energy — there will be required the work 
dW. 

If during the transmission no heat is lost, and if no heat is 
transformed into other forms of energy, such as sound, electricity, 
etc., then the first law of thermodynamics gives 


dQ = A(dS + dl + dW) 


(i5) 


It is to be understood that any or all of the terms of the equa- 
tion may become zero or may be negative. If all the terms 
become negative heat is withdrawn instead of added, and dQ is 
negative. It is not easy to distinguish between the vibration' 
work and the disgregation work, and for many purposes it is 
unnecessary; consequently they are treated together under the 
name of intrinsic energy, and we have 






“' 0 ; 

•' 0 , 
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dQ = A(dS + dl + dW) = A(dE + dW) 


(16) 


The inner work, or intrinsic energy, depends on the state of 
the body, and not at all on the manner by which it arrived at 



cncc lo a given plane consisting of kinetic energy and potential 
energy, depends on the velocity of the body and the height 
above the plane, and not on the previous history of the body. 

The external work is assumed to be done by a fluid-pres- 
sure; consequently 

d\V *=> pdv (17) 


W 


» p*' 


(18) 


where ^3 and v x are the final and initial volumes. 

In order to find the value of the integral v in equation (18) it 
is necessary lo know the manner in which the pressure varies 
with the volume. Since the pressure may vary in different ways, 
the external work cannot be determined from the initial ancl 
final states of the body; consequently the bent required to effect 
a change from one slate to another depends on the manner in 
which the change is effected. 

Assuming the law of the variation of the pressure and volume 
to be known, we may integrate thus: 

Q « A (li, - T £ ** pdvj • • * • ( T 9 > 

In order lo determine E for any stale of a body it would be 
necessary to deprive it entirely of vibration and disgregntion 
energy, which would of course involve reducing it to ft stale of 
absolute cold; consequently the direct determination is impossi- 
ble, However, in nil our work the substances operated on arc 
changed from one stale lo another, ancl in each state the mliinsic 
energy depends on the slate only; consequently the change of 
intrinsic energy may be determined from the initial and final 
slates only, without knowing the manner of change from one to 

the other. # 

In general, equations will be arranged to involve differences 




vibration and disgrcgution work avoided. 

Thermal Lines. — The external work can be determined only 
when the relations of p and v arc known, or, in general, when 
the characteristic equation is known. Jt has already been 
shown that in such ease the equation may be represented by a 
geometrical surface, on which so-called thermal lines can bo 
drawn representing the properties of the substance under con* 
sideralion. These lines are commonly projected on the (p> -y) 
plane. It is convenient in many eases to find the relation of p 
and v under a given condition and represent it by a curve drawn 
directly on the (p, v) plane. 

Lines of Equal Pressure. — The change of 

I p a ^ condition takes place at constant pressure, and 

consists of a change of volume, as represented in 
Fig. 3. The tracing-point moves from a % to a 9 , 
o x and the volume changes from *v t to v 2 . The 

Ftr,. 3. * work done is represented by the rectangular area 

under tf t a 2) or by 




dv ~ p{v 2 — Vj) 


. (ao) 


During the change the temperature may or may not change; 
the diagram shows nothing concerning it. 

Lines of Equal Volume. — The pressure in- 
creases at constant volume, and the tracing-point p 
moves from a t to a 2 . The temperature usually T a * 

increases meanwhile. vSincc dv is zero, a, 


j r > V2 

Vk P dvs * 0 ( 2I ) 


Isothermal Lines, or Lines of Equal Temperature. — The 

temperature remains constant, and a line is drawn, usually 
convex, toward the axis OV . The pressure of a mixture of a 
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liquid ana its vapor is consume lor a given temperature; con- 
sequently the isothermal lor such a mixture is a line of equal 
pressure, represented by Fig. 3. The iso- 
thermal of a perfect gas, on the other hand, is 
an equilateral hyperbola, as appears from the 
law of Boyle, which may be written 


Iaodynamlc or Isoenerglc Lines arc lines representing changes 
during which the intrinsic energy remains constant. Conse- 
quently all the heal received is transformed into external work. 
It will be seen later that the isodynamic and isothermal lines 
for a gas are the same. 

Adiabatic Lines. — A very important problem in thermo- 
dynamics is to determine the behavior of a substance when a 
change of condition takes place in a non-conducting vessel. 
During the change — for example, an increase of volume or 
expansion • — some of the heat in the substance may lie changed 
into work; but no heat is transferred to or from the substance 
through the walls of the containing vessel. Such changes are 
called adiabatic changes. 

Very rapid changes of dry air in the cylinder of an air-com- 
pressor or a compressed-air engine are very nearly adiabatic. 
Adiabatic changes never occur in the cylinder of a sleipn-cngine 
on account of the rapidity with which steam is condensed on or 
vaporized from the cast-iron walls of the cylinder. 

Since there is no transmission of heal to (or from) the working 
substance, equation (19) becomes 

<2 « A(E 3 ~ E x -{• pdv) .... (22) 



that is, the external work is done wholly at the expense of the 
intrinsic energy of the working substance, as must be the case 
in conformity with the assumption of an adiabatic change. 







1 IS 




0 mm 
k 111 



Relation of Adiabatic and Isothermal Lines. — An important 
property of adiabatic lines can be shown to advantage at this 

place, namely, that such a lino 
is sleeper than an isothermal 
line on the (p, v) plane where 
they cross, as represented in 
Fig. 6. The essential feature of 
adiabatic expansion is that no 
heat is supplied and that conse- 
quently the external work of 
expansion is done at the expense 
t, of the intrinsic energy which 
consequently decreases. The 
intrinsic energy is the sum of 
f , 0 . 6 . die vibration energy and the 

disgregation energy, both of 
w lie in general decrease during an adiabatic expansion; in partic- 
ular the decrease of vibration energy means a loss of temperature. 
Conversely an adiabatic compression is accompanied by an In- 
crease of temperature. If an isothermal compression is repre- 
sented by eh, then an adiabatic compression will be represented 
by a steeper line like ca, crossing the constant pressure line ba to 
t e right of b f and thus indicating that at that pressure there is 
a greater volume, as must be the ease for a body which expands 
uring a rise of temperature at constant pressure. 

It is very instructive to note the relation of these lines on the 
surface which represents the characteristic equation for a perfect 
gas. In Fig. 6, which is an isometric projection, the general 
form of the surface can be recognized from the following condi- 
tions:— a horizontal section representing constant pressure 
cuts the surface in a straight line which indicates that the volume 
increases proportionally to the absolute temperature, and this 
line is projected as a horizontal line on the (p, v ) plane; a vertical 
section parallel to the ( p , l) plane shows that the pressure in 
this case increases as the absolute temperature, and the line of 
intersection with the surface is projected as a vertical line on the 
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(/;, v ) plane; finally vertical sections parallel to the (/>, v ) plane 
arc rectangular hyperbola; which arc projected in their true 
form on the (/>, v) plane. If AC is an adiabatic curve on the 
characteristic surface, its loss of temperature is properly repre- 
sented by the fact that it crosses a series of isolhcrnmls in passing 
from A to C ; A B is a line of constant pressure showing a decrease 
of temperature between the isothermal* through A and through 
C] finally the projection of ABC on to the (/>, v) plane shows that 
the adiabatic line ac is sleeper than the isothermal line be. 
Attention should be called to the fact that the first statement 
of this relation is the more general as it holds for all substances 
that expand with rise of temperature at constant pressure what- 
ever may be the form of the characteristic equation. 

Thermal Linos and their Projections, — The treatment given 
of thermal lines is believed to be the simplest and to present 
the features that ore most useful in practice. There is, how- 
ever, both interest and instruction in considering their relation 
in space and their projections on the three thermal planes. It 
is welt to look attentively at Fig. 6, which is a correct isometric 
projection of the characteristic surface of a gas following the 
Jaw of Hoyle and Gay-Lussac, noting that every section by a 
plane parallel to the (/>, v ) plane is 
a rectangular hyperbola which - bus v n . 

the same form in space and when 5T\<.* 

projected on the (/>, v) plane. The / \\ 

sections by a plane parallel to the <i' \\ 

( pj ) plane are straight lines and arc </ c V 

of course projected as straight lines 

on that plane and on the (/>, v) plane; ^ 

in like manner the sections by planes " \ 
parallel to the (/, v) plane arc straight \ 

lines. The adiabatic line in space 

and ns projected on the {/>, v) plane is probably drawn a little 
too sleep, but the divergence from truth is not evident to the eye. 

In Fig. 7 the same method of projection is used, but other 
lines arc added together with their projections on the several 
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isothermal which is projected as a rectangular hyperboi 
on the (p, v) plane, and as straight lines a n b n and a"' l 
the (p y t) and (/, v) plane. The adiabatic line ac is s 
than the isothermal, both in space and on the {/>, v ) pla 
already explained; it is projected as a curve {a n c n or a'"c' 
the other planes. The section showing constant pressi 
represented in space by the straight line ae which project 
the (/>, t) plane is parallel to the axis oi , and on the 
plane is parallel to the line itself in space; on the ( p , v) plan 
horizontal, as shown in Fig. 3. In much the same way ad 
section by a plane parallel to the ( l , v ) plane, and a'd', 
and a,'"d'" arc its projections. 

Graphical Representations of Change of Intrinsic Enerj 
Professor Rankinc first used a graphical method of represe 
a change of intrinsic energy, employing adiabatic lines on 
follows : 

Suppose that a substance is originally in the state A (Fij 
and that it expands adiabatically; then the external work is 
' at the expense of the intrinsic energy; hence if the ex pa 
has proceeded to A x the area AA^a^ which represent! 
external work, also represents the change of intrinsic en 
Suppose that the expansion were to continue indefinitely; 

the adiabatic will approach the axis 
indefinitely, and the area representing 
work will be included between the curv< 
produced indefinitely, the ordinate A a, 

0 I the axis O V ; this area will represent al 

a « a, work that can be obtained by the cxpai 

Vt0 ‘*' of the substance; and if it be admitted 

during the expansion all the intrinsic energy is transfoi 
into work, so that al the end the intrinsic energy is zero, it 
resents also the intrinsic energy. In cases for which the e 
tion of the adiabatic can be found it is easy to show that 

e < - X pdv 
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is a finite quantity; and in any case, if we admit an absolute zero 
of temperature, it is evident that the intrinsic energy cannot 
be infinite. On the other hand, if an isothermal curve were 
treated in the same way the area would be infinite, since heat 
would be continually added during the expansion. 

Now suppose the body to pass from the condition represented 
by A to that represented by B, by any path whatever — that is, 
by any succession of changes whatever •— for example, that 
represented by the irregular curve AB. The intrinsic energy 
in the state B is represented by the area VbBft. The change of 
intrinsic energy is represented by the area ft B ha A a-, and this 
area does not depend on the form of the curve AB. This graph- 
ical process is only another way of saying that the intrinsic 
energy depends on the stale of the substance only, and that 
change of intrinsic energy depends on the final and initial stales 
only. 

Another way of representing change of intrinsic energy by 
aid of isodynamie lines avoids an infinite diagram. Suppose 
the change of state to be represented by the 
curve AB (Fig. 9). Draw an isodynamic 
line AC through the point A, and an adia- 
batic line BC through B , intersecting at C; 
in general the isocnergic line is distinct 
from the isothermal line; for example, the 
isothermal line for a saturated vapor is a 
straight line parallel to the OV axis, and 
the isocnergic line is represented approximately by the equation 

j>v w const. 

Then the area Ahba represents the external work, and the area 
bBCc represents the change of intilnsic energy; for if the body be 
allowed to expand adiabatically till the intrinsic energy is reduced 
to its original amount at the condition represented by A the 
external work bBCc will be done at the expense of the intrinsic 
energy. 






CHAPTER Hr. 

SECOND LAW OF THERMODYNAMICS. 

Heat engines are engines by which heat is transformed into 
work. All actual engines used as motors go through continuous 
cycles of operations, which periodically return things to the 
original conditions. All heat-engines arc similar in that they 
receive heat from some source, transform part of it into work, 
and deliver the remainder (minus certain losses) to a refrigerator. 

The source and refrigerator of a condensing steam-engine are 
the furnace and the condenser. The boiler is properly con- 

Ca r rno“s a CL amlrccciros ^ from the Source. 

eneinc (nj *1 * 18 C0nvcn ‘ ci,t 10 discuss a simple Ideal 

engine, first described by Carnot. 1 

want in IcX \: yi T r Wi,h , '-ting 

piston, also of non-conducting material, 

and moving without friction; on the 
Other hand, the bottom of the cylinder 
IS supposed to be of a material that Is 
a perfect conductor. There is a non- 
conducting stand C on which tho 
cy mder can be placed while ndiabatlc 

heat A at a temperature ^ I ? laCC ' Tllc source of 

that in operations during which ThT^l- *? ^ “ malntain «I 
and draws heat from 8 ,h c emnt f h P ' aCcd on 
refrigerator B at the The 

con^amTemperature ^ ^ T* 

ce^n‘ h s C uhsLeif th 1 32^, W ~ * a 
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(Fig. jo), and let the substance expand at the constant tem- 
perature /, receiving heat from the source A. 

If the first condition of the substance be 
represented by A (Fig. u), then the second 
will be represented by B , and AB will be an 
isothermal. If E a and E b are the intrinsic 
energies at A and B, ami if FV ol>J represented 
by the area aABb, be the external work, the 
heat received from A will be 



Q = A (E b — R a + W+) . 


(25) 


Now place the cylinder on the stand C (Fig. 10), and let 
the substance expand adiabatically until the temperature is 
reduced to t n that of the refrigerator, the change being rep- 
resented by the adiabatic BC (Fig. n). If E e is the intrinsic 
energy at C, then, since no heat passes into or out of the 
cylinder, 

o - A (E c - E b + W bc ) (26) 

where \V ^ is the external work represented by the area bBCc. 
Place the cylinder .on the refrigerator B, and compress the sub- 
stance till it passes through the change represented by CD , 
yielding heat to the refrigerator so that the temperature remains 
constant. If Ed is the intrinsic energy at D, then 


- Q> - A (Ej - E e - W, d ) 


(27) 


is the heat yielded to the refrigerator, and W c d, represented by 
the area cCDd , is the external work, which has a minus sign, 
since it is done on the substance. 

The point D is determined by drawing an adiabatic from A 
to intersect an isothermal through C. The process is completed 
by compressing the substance while the cylinder is on the stand 
C (Fig. 10) till the temperature rises to l, the change being 
represented by the adiabatic DA. Since there is no transfer 
of heat, 



O = A (Ea - Ed - w da ) (28) 


Adding together the several equations, member to member. 


Q - Qi - A ( + W u - W <ft - W da ) . , ( 39 ) 

or, if W be the resulting work represented by the area ABCD t 
then 

Q-Q,-AW (30) 

that is, the difference between the heat received and the heat 
delivered to the refrigerator is the heal transformed into work. 

A Reversible Engine is one that may run either in the usual 
manner, transforming heat into work, or reversed, describing 
the same cycle in the opposite direction, ancl transforming work 
into heat. 

A Reversible Cycle is the cycle of a reversible engine. 

Carnot’s engine is reversible, the reversed cycle being 
ADCBA (Fig. 11 ), during which work is done by the engine 
on the working substance. The engine then draws from the 
refrigerator a certain quantity of heat, it transforms a certain 
quantity of work into heat, and delivers the sum of both to the 
source of heat. 

No actual heat-engine is reversible in the sense just slated, 
for when the order of operations can be reversed, changing the 
engine from a motor into a pump or compressor, the reversed 
cycle differs from the direct cycle. For example, the valve- 
gear of a locomotive may be reversed while the train is running, 
and then the cylinders will draw gases from the smokc-box, 
compress them, and force them into the boiler. The locomotive 
as ordinarily built is seldom reversed in this way, as the hot 
gases from the smoke- box injure the surfaces of the valves and 
cylinders. Some locomotives have been arranged so that the 
exhaust- nozzles can be shut off and steam and water supplied 
to the exhaust-pipe, thus avoiding the damage from hot gases 
when the engine is reversed in this way. Such an engine may 
'then have a reversed cycle, drawing steam into* the cylinders, 
compressing and forcing it into the boiler; but in any case the 



||jfe 

'■W' 



reversed cycle differs from the direct cycle, and the engine is 
not properly a reversible engine. 

A Closed Cycle is any cycle in which the final stale is the same 
as the initial stale. Fig. 12 represents such a i> R 
cycle made up of four curves of any nature 
whatever. If the four curves arc of two species C y 
only, as in the diagram representing the cycle 0 v 

of Carnot’s engine, the cycle is said to be simple. Pi«< is. 

In general we shall have for a cycle like that of Fig, 12, 


Qab T Qbc — Qcd — Qt 


//2 W 

(in. -I- Wu-Wd-W*). 


p a A dosed curve of uny form may be consul- 

( V* crcrl to be the general form of a dosed cycle, 

V ID as that in Fig. 13. For such a cycle we have 

Fjo.ij. JdQ ^ a J^/IF, which is one more way of 

stating the first law of thermodynamics. 

Tt may make litis last clearer to consider the cycle of Fig. 14 
composed of the isothermals A.B, CD , and KG } and the 
ndiabatics BC , OK, and 6/1 . The cycle 

* P A 1 

may lie divided by drawing the curve V 
through from C to l\ It is indifferent \V 

whether the path followed he A BO) KG A 'x'Vc 

or ABCKCDKGA , or, again, ABC KG A -h 

O R E u 

CDEKC . 2 — L 

!• in. j,t. 

Again, an irregular figure may be 
imagined to he cut into elementary areas by Isothermals and 
adiabatic lines, as in lug, 15. The summation of the areas will 
give the entire area, and the summation of the works represented 
by these will give the entire work represented by the entire area, 
The Efficiency of an engine is the ratio of the heat changed 
into work to the entire heal applied; so that if it be represented 
by c t 

a w a -a , s 

t ^ J ' * * • * • (3 1 ) 
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for the heat Q' rejected to the refrigerator is what is left aft©*' 
AW thermal units have been changed into work. 
p Carnot’s Principle. — It was first points! 

• out by Carnot that the efficiency of ^ 
reversible engine does not depend on th© 
nature of the working substance, but llud 
it depends on the temperatures of th© 

o v source of heat and the refrigerator. 

>’“*• *$. Let us see what would be the cons©* 

. quencc if this principle were not true* 

Suppose there are two reversible engines R and A, each taking 
<2 thermal units per second from the source of heat, of wlitclf 
A is the more efficient, so that 


. ( 3 »> 


is larger than 


< 33 > 


this can happen only because Q a ' is less than Q/, for Q is assumed 
to be the same for each engine. Let the engine R be reversed 
and coupled to A t which can run it and still have left the useful 
work W a — W r . This useful work cannot come from tHo 
source of heat, for the engine R when reversed gives to the source 
Q thermal units per second, and A takes the same amount in Lhu 
same time. It must be assumed to come from the refrlgcratat*i 
which receives Q a f thermal units per second, and gives up Q r * 
thermal units per second, so that It loses 

Qr -*(?.' - A {W a - W ') 

thermal units per second. This equation may be derived from 
equations (32) and (33) by subtraction. 

Now it cannot be proved by direct experiment that such a n 
action as that just described is impossible. Again, the first Jaw 
of thermodynamics is scrupulously regarded, and there is no 
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contradiction or formal absurdity of statement. And yet when 
the consequences of the negation of Carnot’s principles arc 
clearly set forth they arc naturally rejected as improbable, if not 
impossible. The justification of the principle is found in the 
fact that theoretical deductions from it arc confirmed by 
experiments. 

Second Law of Thermodynamics. — The formal statement 
of Carnot's principle is known us the second law of thermody- 
namics, Various forms are given by different investigators, 
none of which arc entirely satisfactory, for the conception is not 
simple, as is that of the first law. 

The following arc some of the statements of the second law; 

(1 ) All reversible engines working between the same source oj 
heal and refrigerator have the same efficiency, 

(2) The efficiency of a reversible engine is independent of the 
working substance. 

(3) A self-acting machine cannot convey heal from- one body 
to another at a higher temperature. 

The second law is the third general principle of thermody- 
namics; it dilTcrs from each of the others and is independent 
of them. Summing lip briefly, the first general principle is a 
pure assumption that thermodynamic equations may contain 
only two independent variables; the second is the statement of 
an experimental fact; the third is a choice of one of two 
propositions of a dilemma. The first and third arc justified 
by the results of the applications of the theory of thermo- 
dynamics. 

So far as efficiency is concerned, the second law of thermo- 
dynamics shows that it would be a matter of indifference what 
working substance should be chosen; we might use air or steam 
in l he same engine and get the same efficiency from either; 
there would, however, be a great difference in the power that 
would be obtained. In order lo obfain a diagram of convenient 
size and distinctness, the adialmlics are made much steeper than 
the isolhermals in Fig. 1 r; as a matter of fact the diagram drawn 
correctly is so long and attenuated that it would be practically 
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worth Less even if it could be obtained with reasonable i 
mation in practice, as the work of the cycle would hard 
come the friction of the engine. The isothermals for a 
of water and steam are horizontal, and the diagram ta 
form shown by Fig. 16. In practice 
gram closely resembling Carnot’s c 
chosen as the ideal, differing mainly 
steam is assumed to be supplied a 
hausted. In a particular case an 
working between the temperatures 36 
and 158° F. had an actual thermal efficiency of o. 
ideal cycle had an efficiency of 0.23, and Carnot’s cy. 
an efficiency of 0.25. The ratio of 0.18 to 0.23 is abot 
which compares favorably with the efficiency of turbine 
wheels. 

- Carnot’s Function. — Carnot’s principle asserts th 
efficiency of a reversible engine is independent of the na 
the working substance; consequently the expression j 
efficiency will not include such properties of the workir 
stance as specific volume and specific pressure. But th 
ciplo asserts also that the efficiency depends on the lempe 
of the source of heat and the refrigerator, which indeed 
only properties of the source and refrigerator that can 
the working of the engine. 

We may then represent the efficiency- as a function of it 
peratures of the source of heat and the refrigerator, or 
amounts to the same thing, as a function of the superic 
peraturc and the difference of the temperatures, and ma; 

AW Q ~ Q' 

6=3 q '<2 n 


where Q is the heat received, Q' the heat rejected, and t 
are the temperatures of the source of heat and of the refr4 
on any scale whatsoever, absolute or relative. 

■ temperature 0 f ^e refrigerator approaches near i 
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(he source of hea LQ — (T and / — /' become A(? and A l, and at 
the limit (IQ and d/, so that 

^ (A (IQ (34) 

It is convenient to assume that the equation can be expressed 
in the form 

*!£. ~ j ( / ) ,//. 

The function / (/) is known as Carnot’s function, and physi- 
cists consider that the isolation of this function and the relation 
of the function to temperature are of great theoretical importance. 
Absolute Scale of Temperature. — ft is convenient and eus- 

(omary to assign to Carnot’s function the form--, where T is 

(lie temperature by the absolute .scale referred to on page 3, 
measured from the absolute zero of temperature. 'Phis assump- 
tion is justified by the facts that the theory of thermodynamics 
is much simplified thereby, and that the difference between 
such a scalp of temperature and the scale of the air-lhcrmomcicr 
is very small. 


iho 

“c?cl 

m* 

hnl 

■m- 

•He 


■* 

or 

of 


Kelvin’s Graphical Method. — This treatment of Carnot’s 
function was first proposed by Lord Kelvin, who illustrated the 
general conception by the following graphical construction: 

In Fig. r 7 let ok and hi be two adiabatic lines, and let the 
substance have its condition 
represented by the point a. 

Through a and <1 draw iso- 
thermal lines; then the diagram 
abed represents the cycle of « 

.simple reversible engine. Draw 
the isothermal line /<*, so that 
the area deef shall be equal to 

j 1 ,7, 

abed ; then t lie * d Ingram dee/ 

represents the cycle of a reversible engine, doing the same 
amount of work per stroke as that engine whose cycle is repre- 



from the source and delivered to the refrigerator — i.c., the heat 
transformed into work — is the same. The refrigerator of the 
first engine might serve for the source of heat for the second. 

Suppose that a series of equal areas arc cut off by isothermal 
lines, as fegh, hgik , etc., and suppose there arc a series of reversible 
engines corresponding; then there will be a series of sources of 
heat of determinate temperatures, which may be chosen to 
establish a thcrmometric scale. In order to have the scale cor- 
respond with those of ordinary thermometers, one of the sources 
of heat must be at the temperature of boiling water, and one at 
that of melting ice; and for the centigrade scale there will be one 
hundred, and for the Fahrenheit scale one hundred and eighty, 
sucli cycles, with the appropriate sources of. heal, between boiling- 
point and freezing-point. To establish the absolute zero of the 
scale the series must be imagined to be continued till the area 
included between an isothermal and the two adiabatics, continued 
indefinitely, shall not be greater than one of the equal areas. 

This conception of the absolute zero 
may be made clearer by taking wide 
intervals of temperature, as on Fig. 
lS, where the cycle abed is assumed 
to extend between the isolhcrmals of 
o° and ioo° C.; that is, from freez- 
ing-point to boiling-point. The 
next cycle, edef , extends fo — ioo° C., 
and the third cycle, cfgh y extends 
to — 2oo° C. The remaining area, 
which is of infinite length and ex- 
tremely attenuated, is bounded by the 
isothermal gh and the two adiabatics 
ha and g/i. The diagram of course 
cannot be completed, and conse- 
quently the area cannot bo measured 5 
but when the equations to the isothermal and the adiabatics 
are known it can be computed. So computed, the area is found 




to be- 23 -of one of the three equal areas abed, cdfe , and efhg. 
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The absolute zero is consequently 273°C. below freezing-point.. 
Further discussion of the absolute scale will be deferred till 
a comparison is made with the air- thermometer. 

Spacing of Adlabatics. — Kelvin’s graphical scale of temper- 
ature is clearly a method of spacing isothermal* which depends 
only on our conceptions of thermodynamics and on the funda- 
mental units of weight and length. Evidently the same method 
may be applied to spacing adiabalics, and thereby a new concep- 
tion of great importance may be introduced into the theory of 
thermodynamics. On this conception is based the method for 
solving problems involving adiabatic expansion of steam, as 
will he explained in the discussion of that subject. 

In Fig. ip let an and do 
be two isothermal*, and let 
ad, be, Ini and no be a series 
of adiabalics, so drawn that 
the areas of the figures abed, 

(dine, and /now are equal; 
then vc have a series of 
adiabalics that are spaced in 
the same manner as are the 
isothermal* in Figs. 17 and 
1 8, and, as with those iso- 
thermals, the spacing depends only on our conceptions of ther- 
modynamics and the fundamental units of weight and length. 

In the discussion of Figs. 17 and 18 it was shown that the area 
of the strip between the initial isothermal <ib and the two adiabatic 
lines must be treated us finite, and that in consccjuence the 
graphical process leads to an absolute zero of temperature. On 
the contrary, the area between the adiabatic ad and the two 
isothermal* an and do if extended infinitely will bo infinite, and 
it will he found llmt there is no limit to the number of adia- 
batics that can be drawn with the spacing indicated. A like 
result will follow if the isothermals are extended to the right and 
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upward, and if adiabnlics arc spaced off in the same manner* : 
This conclusion comes from the fact pointed out on page Ut 
that the area under an isothermal curve which is extended with" 
out limit is infinite, because heat is continuously supplied, mm 
part of which can be changed into work. j 

Ii is convenient to introduce a new function nl I 

place which shall express the spacing of adiabatic* & ) 

represented in Fig. 19, and which will be called entropy* 1 

From what precedes it is evident that entropy has I 

same relations lo the adiabnlics of Fig. 19 that temperature f 

has to the isolhcrmals of Figs. 17 and 18, but dial there is thti 
radical difference, that while there is a natural absolute zero of 
temperature, there is no zero of entropy. Consequently In prob~ 
lems we shall always deal with di/Tcrcnces of entropy, and if 
find it convenient lo treat the entropy of a certain condition of a 
given substance ns a zero point it is only that we may count up 
and down from that point. 

If (he adiabatic line ad in Fig. 19 should he extended lo lh<? 
right, it would clearly lie beneath the adiabatic no, which flg rws» 
with the tacit convention of that figure, he., that as spaced lh*s 
adiabnlics are lo be numbered toward the right and that ill*? 
entropy increases from a toward n. 

The simplest r)k! the most natural definition of entropy frwt j 
the present considerations, is that entropy is that function whltfh 
remains constant for any change represented by a reversible 
adiabatic expansion (or compression). With this definition in 
view, the adiabatic lines might be called isoentropic lines. It ! 
should be borne in mind that our present discussion is purpowljf j 
limited lo expansion in a non-conducting cylinder closed by St j 
piston, or lo like operations. More complex operations lluixi j 
that' just mentioned may require an extension of the conccpUbn j 
of entropy and lend lo fuller definitions. Such extensions of the; 
conception of entropy have been found very fruitful in certain 
physical investigations, and many writers on ihermodynamtoi; 
for engineers consider that they gel like advantages from th&ttt* 
There is, however, an advantage in limiting the conception df u j 
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new function, however simple [hat conception may be; and (here 
is an added advantage in being able to return to a simple con- 
ception nl will. 

Efficiency of Reversible Engines. — Returning to equation 
(34) and replacing Carnot’s function / (/) by j-* a.s agreed, wo 

have for the differential equation of the efficiency of a reversible 
engine 

<10 ill 

Q T 


or, integrating between limits, 

O' T' 

, (v jr 

" Q ‘ t 1 


and the efilclcncy for the cycle becomes 


(■> ~ Q' T_ r V 

Q r * 


(.«) 


This result might have been obtained before (or without) the 
discussion of Kelvin’s graphical method, and leads to the same 
conclusion, that the absolute temperature can be made to depend 
on the efficiency of Carnot’s cycle, and may, therefore, be inde- 
pendent of any ihcrmomelrie substance. 

As has already been said, thin conception 
is more important on the physical side 
than on the engineering side, and its reit- 
eration need not be considered to cull for 
uny speculation by the student at this time. 

Graphical Representation of Efficiency. 

— Let Fig. 20 represent the cycle of 
a reversible heat-engine. For convenience 
it is supposed there are four degrees of tempera lure from the 
isothermal All to the isothermal DC, and that there are three 
intervals or units of entropy between the ndialmlics AD and 
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BC, First it will be shown that all the small areas into 
the cycle is divided by drawing the intervening udiabjitfc'^ s( 
isoihcrmals arc equal. Thus we have to begin with a -***» & ® 
a « c by construction. Hut engines working on the 
and b have the same efficiency and reject the same 
of heat. These heats rejected are equal to the heats »upp 1 
to engines working on the cycles c and <7, which consc^l 
take in the same amounts of heat. Hut these engines* ^ 
between the same limits of temperature and have th<" ^ 
efficiency, and consequently change the same nnmuni ^ 

into work. Therefore the areas c and </ are equal. I** • 
manner all the small areas arc equal, and each repre**trn®« 
thermal unit, or 778 foot-pounds of work. 

It is evident that the heal changed into work is reprr^r fil^l 

{T - V) (r// - <}>), 

and, further, that the same expression would be obtain trcl ll 
similar diagram, whatever number of degrees there might 
between the isothermals, or intervals of entropy briwc^Ti 
adiabatics, and that it is not invalidated by using fate: flow 
degrees and fractions of units of entropy. It is con*««|Ua 
the ‘general expression for the heat changed into work 
engine having a reversible cycle, 

It is clear that the work done on such a cycle inerrasUR* 
lower temperature V decreases, and that it is a maximum m 
V becomes zero, for which condition all of the hem 
changed into work. Therefore the heat applied is repr*r«J 
by 

Q c ' 3 ¥ (</ j/ — r A)> 

and the efficiency of iJic engine working on die cycle re*f 
by Fig. 20 is 

'M . Q.-.Q' „ lL=2niiL^j!} „ v - V 

Q Q T (<// - ./>) r * 

as found by equation (35). The deduction of thin equ« !(*),, 
integration is more simple and direct, but the graphic* i m(a 
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is interesting and may give* the student additional light on (his 
subject. 

Temperature-Entropy Diagram. • — Thermal diagrams are com- 
monly drawn with pressure and volume for. (lie co-ordinates, 
but for some purposes it is convenient in use other properties 
as co-ordinates, in particular temperature and entropy. For 
example, Fig. 21 represents Carnot’s cycle 
drawn with entropies for abscissa.* and lem- a I 0 
pern lures for ordinates, with the advantage t/) 7 77-c/>‘ 

that indefinite extensions of the lines are 0 7A'77 C 

avoided, and the areas under consideration T ' 

are evidently finite and measurable. With 0 . — 5ft 

the exception that there appears now to be no !*■«'• *<• 
necessity to show that the areas obtained by subdivision are all 
equal, the discussion for Fig. 20 drawn with pressures and vol- 
umes may be repeated with temperatures and entropies. 

Expression for Entropy. — One advantage of using the tem- 
perature-entropy diagram is that it leads at once to a method 
for computing changes of entropy. Thus in Fig. 22 let AB 
represent an isothermal change, and let An 

A ~x P and Jib be adinhalies drawn to the axis of «/>; 

then the diagram ABha may lie considered to 
j be the cycle for a Carnot’s engine working 

between the temperature T and the absolute 
0 — (■- — : — *L _ — ? zero, and consequently having the efficiency 
3 unity. The heal changed into work may there- 
fore be represented by 

Q » T (<// — <fi) ( 36 ) 

If we are dealing with a change under any other condition 
than constant temperature, we may for an infinitesimal change, 
write the expression 

# - f (.,7) 

and for the entire change may express the change of entropy by 

<(>' — <f> *• f 1 
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which .should for any particular case either be integrated 
between limits or else a constant of integration should be 
determined. 

Attention should he called lo the fact that the conception of 
the spacing of isolhermals and adiabalics is based fundameiv* 
tally on Carnot’s cycle and the second law of thermodynamics, 
which has been applied only lo reversible operations. The 
method of calculating changes of entropy applies in like manner 
to reversible operations; and when entropy is employed for 
calculations of operations that are not reversible, discretion 
must be used lo avoid inconsistency and error. 

On the other hand, the entropy of a unit weight of a given, 
substance under certain conditions is ;t perfectly definite quail* 
tily and Is independent of the previous history of the substance. 
This may be made evident by the consideration that any point 
on the line no, Fig. icj, page 31, has u certain number of units of 
entropy* (for example, three) more Ilian that of any point on 
the adiabatic ad. 

Example. — There may be an advantage in giving n ealeu* 
lation of 11 change of entropy to emphasize the point that it can 
lx represented by a number. Let it be required lo find the 
change of entropy during an isothermal expansion of one pound 
air from four cubic feel lo eight cubic. 

The heal applied maybe obtained by integrating the expression 

. , dQ Idv . j. \ P (tv 
drp - - yr « (<*,. ™ A.) f, y > 

the value of the latent heat having been taken from page ta. 
From the characteristic equation 

frv *=* It F 

the above expression may be reduced lo 


d<j) * 3v - (Cj> (■ v ) 
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<;/ — </>•-• ~ c v ) log, - 

0i <Ji' — f/» — (0,2375 — o.lfiyo) loga ~ ‘ =0.0475. 

A problem for air in chosen because it can be readily worked 
out at this place; as a mailer of fact, there are few occasions in 
practice where there is reason lo refer to entropy of air. 

Application to a Reversible Cycle. — A very important result 
is obtained by the application of equation (37) to the calcula- 
tion of entropy during a reversible cycle. In the first place, 
it is clear that the entropy of a substance having its condition 
represented by the point a (Fig. 23), depends on the adiabatic 
line drawn through it; in other words, the entropy depends only 
on the condition of the substance, a 
In litis regard entropy is like intrin* \ \ \ V 
sie energy and differs from external \ \\\ \ 
work. Suppose now that the .sub- V \ 
stance is made to pass through a 

cycle of operations represented by lo ,y 

the point it tracing the diagram on **• 

Fig. 23; It is clear that the entropy will lie the same at the end 
of the cycle as at (he. beginning, for the tracing-point will then 
be on the original adiabatic, line. As the tracing-point moves 
toward the right from adiabatic to adiabatic the entropy 
increases, and as It moves lo the left (he entropy decreases, the 
algebraic sum of changes of entropy being zero for the entire 
eycie. This conclusion holds whether the cycle is reversible 
or non-reversible. The cycle represented by Fig. 23 is purposely 
drawn like a steam-engine indicator diagram (which is not 
reversible) to emphasize the fact that the change of entropy is 
zero in any ease. 

If the cycle is reversible, then equation (37) may be used for 
calculating the. several changes of entropy, and for calculating 
the change for the entire cycle, giving for the cycle 
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This is a very important conclusion from the second law ot 
thermodynamics, and is considered to represent that law. The 
second law is frequently applied by using this equation in can* 
ncclion with a general equation or a characteristic equation, fa 
a manner to be explained later. 

Though the discussion just given is simple and complete, 
there is some advantage in showing that equation (38) holds 
for certain simple and complex reversible cycles. 

Thus for Carnot’s cycle, represented hy Fig. 20, the increase 
of entropy during isothermal expansion is 


- <!< -j'-f - j.j'lQ - 


because the temperature is constant. In like manner Ihi 
decrease during isothermal compression is 

<h - v - 

so that the change of entropy for the cycle is 

e _ 0 : . 

T V 


But from the efficiency of the cycle we have 


Q=JL 

Q 


T - V 
T 


. s: 

T V 


A complex cycle like that represented hy Fig. 24 may be 
broken up into two simple cycles ABFC 
p A V and CDFE, for each of which individually 

vv the same result will be obtained — that 1%, 

v\b the increase of entropy from A to B b 

equal to the decrease from F to G\ &n 4 

j 2 L E V. the increase from C to D is equal to lh« 

1 **" decrease from K to F, so that the sura?* 

mation of changes for the entire cycle gives zero. 
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Fig. 25 represents the simplified ideal diagram of a hot-air 
engine, in which by the aid of a regenerator the adiabatic lines 
of Carnot ’s cycle are replaced by 
vertical lines without affecting the 
reversibility or the efficiency of the 
cycle. We may replace the actual 
diagram by a series of simple cycles 
made up of isothermals and adia- 
batics, so drawn that the perimeter 
of the complex cycle includes the 
same area and corresponds ap- 
proximately with that of the 
actual diagram. The summation of the change of entropy 
for the complex cycle is clearly zero, as before. Bui by 
drawing the adiabatic lines near enough together we may 
make the perimeter approach that of the actual diagram as 
nearly as wc please, and we may therefore conclude that the 
integration for the changes of entropy for that cycle is also zero. 

Maximum Efficiency. — • In order that heat may be trans- 
formed into work with the greatest efficiency, all the heat should 
be applied at the highest practicable temperature, and the heat 
rejected should be given up at the lowest practicable tempera- 
ture; this condition is found for Carnot’s cycle, which serves 
as the ideal type to which wc approach as nearly as practical 
conditions allow. Deviations from the ideal type arc of two 
sorts, (1) commonly a different and inferior cycle is chosen as 
being practically more convenient, and (2) the material of 
which the working cylinder is made absorbs heat at high tem- 
perature and gives out heat at low temperature, thus interfering 
with the attainment of the cycle selected. 

The principle just stated must be accepted as immediately 
evident; but there may be an advantage in giving an illustration. 
The complex cycle of Fig. 24 is made up of two simple Carnot 
cycles ABFG and CDEF) if two thirds of the heat is applied 
during the isothermal expansion AB at 500° C., and one third 
during the expansion CD, at 250° C., and if all the heat is re- 
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jcctcd at 20° C., ihc combined eflirieniy of the diagram may 
computed to be 


?00 — 20 


500 'I* 273 


250 -I- 273 


" 0,56; 


had the heal been all applied at 5 oo° C., the efficiency wo 
have been 


ioo — 20 


500 H* 273 


The loss in this ease from applying pari of the heat at la 
temperature is, therefore, 

o/>a — ■ 0.56 

; — **— *-'4 0.007. 

0.62 ' 

ITon-reverslble Cycles.--* If a process or a cycle is nari na 
siblc, then the change of entropy cannot be calculated lay 
lion (37), and equation (38) will not hold. The entropy ’ 
indeed, be the same at the end as at the beginning of the cj 

but the integration of ^2 for the cycle will not give kto. 

the contrary, it can be shown that the integmlion of f«l 

entire cycle will give a negative quantity. Thus let the t 
reversible engine A take the same amount of heal per s&trodk 
the reversible engine R which works on Carnot’s cycler, bit 
it have a less efficiency, so that 

SL=S1L < Qr QL 

Q Q * ’ ' * # 

where Q/ represents the heat rejected by the engine A ~ *1 

Q -Q/ <Q-Q' - (J - V) (</>' - </>) . , 

Suppose now that V approaches xero and that </>' upprwicUi 
then at the limit we ahull have 

f/Q t K <IQ «=»> 7Wf/>, 


~2*- <; thj), 








where — N represents ti negative quantity. The absolute 
value of N will, of eour.se, depend on the efficiency of the non* 
reversible engine. If the efficiency is small compared with that 
of a reversible engine, then the value of N will he large. Tf 
(lie efficiency approaches llmt of a reversible engine, then N 
approaches zero. It is scarcely necessary to point out that N 
cannot lie positive, for that would infer that the non-reversiblc 
engine bad a greater efficiency than a reversible engine working 
between the same temperatures. 

Some non- reversible operations, like the flow of gas through 
an orifice, result in the development of kinetic energy of motion, 
fn such case the equation representing the distribution of energy 
contains a fourth term K to represent the kinetic: energy, and 
equation (15) becomes 

tlQ - A (tiS -1- <11 <IW *1* <IK) . . . <iia) 

As lie fore S represents vibration work, / represents disgregation 
work, and W represents external work. If the vibration and 
disgregation work cannot la: separated, then we may write 

dQ - A {HE b <1\V l- <1K) (43) 

If a non-reversible process like that just discussed takes place 
In apparatus or appliances that are made of non-conducting 
material, or if the action of the walls on the substance contained 
can be neglected, the operation may properly be called adiabatic; 
auch a use is clearly an extension of the idea staled on page 3a, 
and conclusions drawn from adiabatic expansion in a dosed 
cylinder cannot be directly extended to this new application, 
Such n non “reversible operation is not likely to be isoen tropic, 
and there is some advantage in drawing a distinction between 
operations which are faocn tropic and those which are adiabatic. 
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A non-revcrsible operation in non-conducting receptacles 
isothermal, or may be with constant intrinsic energy* fvs 
appear in the discussion of flow of air in pipes on page 3®°i 
the discussion of the steam calorimeter, page 19!, Any 
reversible process is likely to be accompanied by an incrwi 
entropy; this will appear in special cases discussed in 
chapter on (low of fluids. 

Since the entropy of a pound of a given substance * 
given conditions, reckoned from an arbitrary zero, is a jterJ 
definite numerical quantity, it is possible to determine Its* t?.n 
for any series of conditions, without regard to the mclh< 
passing from one condition to another. Jt is, therefore*, ftl 
possible to represent any changes of a fixed weight of tk 
stance, by a diagram drawn with temperatures and erilf 
for co-ordinates. If the diagram can be properly iriterpi 
conclusions from it will be valid. It is, however, to be l»of 
mind that thermodynamics is essentially an analytical ton tin 
ical treatment; the treatment, so fur as it applies to i*n nines 
is neither extensive nor clilTicull. But the student is csrut 
not to consider that because lie has drawn u diagram rc*|>r 
ing a given operation to the eye, he necessarily hn^ at 
conception of the operation. If any operation in valvy 
increase (or decrease) of weight of the substance opera tug 
thermal diagrams are likely to be cliflicult to devise strict 
to misinterpretation. 
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GENERAL THERMODYNAMIC METHOD. 

In the three preceding chapters a discussion has been given 
of the three fundamental principles of thermodynamics, namely, 
(i) the assumption that the properties of any substance can 
be represented by an equation involving three variables; (2) the 
acceptance of the conservation of energy; and (3) the idea of 
Carnot’s principle, In the ideal ease each of these principles 
should l>e represented by an equation, and by the combination 
of the three several equations all the relations of the properties 
of a substance should be brought out so that unknown proper- 
ties may be computed from known properties, and in particular 
advantage may be taken of opportunities to calculate such prop- 
erties as cannot be readily determined by direct experiment from 
those which may be determined experimentally with precision. 

Recent experiments have so far changed the condition of 
affairs that there is less occasion Limn formerly for such a general 
treatment. Of the three classes of substances that arc interest- 
ing to engineers, namely, gases, saturated vapors, and super- 
heated vapors, the conditions appear to be as follows. For 
gases there are sufficient experimental data to solve all problems 
without referring to the general method, though the ratio of the 
specific heats is probably best determined by that method. For 
saturated steam there Is one property, namely, the specific vol- 
ume, which is computed by aid of the general method, but there 
arc experimental determinations of volume which arc reliable 
though less extensive. The characteristic equation of super- 
heated steam is now well determined, and the specific heat is 
determined with sufficient precision for engineering purposes, 
go that there is no difficulty in making the customary 
calculations. 
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The one class of substances for whic h tin* necessary 
must be computed by aid of the general method, are tit 
tile fluids like ammonia and sulphur dioxide, which 
for refrigerating machines. 

On the whole, even with conditions as stated, it K *1*^ 
that the student should master the general therms***^ 1 
method, given in this chapter. "Thai method in nc>Iilt** r 
nor hard, and is so commonly accepted that student* 
mastered it will have no difficulty in reading MiimUt r«l 
and current literature involving thermodynamic tM 

Those cases remaining where the general method or is > «•« 
lent must bo used, are I Jest treated hy tlml method, u ri»l 
case of volatile fluids can lie treated only hy tlml met it *wl « 

The. case having been presented as fairly jih |m ► ^ t*i«: 
cretion may be left with the student or his instructor w 
he shall read the remainder of this chapter before < 

or whether the chapter ahull lie altogether omitted. 

The following method of combining the three gertrrol 
cipics of thermodynamics, which is due to Lord Kelvin, *!« 
on the use of the expression 

&x S 3 . v 

SySa &rSy 

as the basis of an operation. This expression is grn««r^U 
as a criterion to determine whether a certain difl'ert'O llm 1 
exact differential that can he integrated directly, **r M 
some additional relation must lie sought by aid of wluj 
expression may be transformed so that it c an be InicKrai let! 

Conversely, if wcknow, from the nature of a gU*r«» j» 
like intrinsic energy, that it can be always calculate*! f*w,r a 
condition as represented by two variable*, like U ( nt(»r'r:*tij 
volume, then we are justified in concluding tlml the «? segwrr 1 ! 

S 3 /< SV»; 

5i/5/ 8$v 

must be true and that we can use it as the Iwisis of an 



h T mv in laying out a general method it is impossible to select 
any particular characteristic equation, ami for that reason, if 
no other, the form of the integral equation connecting li with 
t and v cannot he assigned. Hut the fact remains that the possi- 
bility of working out any method depends on the assumption of 
the ultimate possibility of writing such an equation, and that 
assumption carries with it the assumption that tlli is an exact 
differential. 

Application of the Pint Law. - The first general principle 

muy be taken to be represented by equation (i), 

(IQ c v il( I hlv t 

and the first (aw of thermodynamics by equation (16), 

(IQ *** A {(Hi (I IK) ««* A {dli l nlv )♦ 

Combining these equations gives 

(Hi «* dl | — f)j dv\ 


and comparing with tin* general form, 





til I 


a/ : ; 

8i< 


dv, 


it is evident tlmt 


a/*: 

¥ 


and 

A 



L 

A 


P- 


Now equation (,p|) Is an abbreviated way of writing tho 
expression for continued differentiation which may be expanded 




r ; 




general thermodynamic method 


or replacing the Aral partial differential coefficients by theltf 
equivalents, 

6&)“ Ha' 1 )' 


, I 

** /I 


LVSvUJaT Bi 


the subscripts being written to avoid possible confusion wilts 
other partial differential coefficients to be deduced later. 

From the first law of thermodynamics and equation (a) vm 
have in like manner 


(IQ *■» A (dE + pdv) *=» c p <!t -I* nul {), 


Since the differential dv is inconvenient, we may replace it by 

Bv 


dv 


Bp 


Bv_ 

8/ 


dp I- *57 (If, 


so that 


A [dE + p dp + p dl^j .*i c f ,dt -I- mdp. 


Making use of the equation 


AE r BE 

8 !7 8 


Bp 


*iL 

Bi 


i 8 (u Bv\ 8 jm 8zA 

glves rp\i~i , w^T\A~ l ’Tp) 


. JL&\ 

" A\Bp ft 


8v 

8/ 


Sty i /6/i/ 


8h' 


8/,ST~ /I V Bi )» 1 BtSp 
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lull the assumption of a character intic ccj tuition connecting 
p t r, uml / curries with it tlu* assumption tlmt 

hp&t hihf)' 

so thill 



Again, from equation (.0 \vr nmy have 

d(J — .4 l ilK I f>rfv) •••' ndf> ! nttv, 

■■■ 'll-:- " <//■ i ('■ ■ /’)./■• Civ) ' 

or, making um* nf 



Application of the Second Law. The sciontl law of thermo* 
dynamic* tan be expressed by equation (.tH), page 37 , 



*-** Oj 


which make* 


dO 

Jr/i*\hcr 


T 


ut < 14 * «n exact differentia), «i that we may write 



To prepare npmiinn (t ) f« »r ihta tran«formailon, we may write 


dtp — (it 6 "p dv, 


SO that the preceding equation giv 

±fa\_ S /1 

Sv VI \ 


• l /M . 

T \8vJf 


& \ 7 \ 

'81 

& 


t ( & 4 


T 2 


( S A - (&\ / 

W/r Uv/f” 

Performing a like operation on equation (2) we have 

f"r d/+ r dA 


JLl£r 


''(I).- 

^ W/f T2 


iW 


_ w 

\ 8 t/p 153 *••••♦ ( 50 ) 

Again, from equation (3) vve have 

~T “ §■ d P + f,*n 


* ' §2. 1 77*’.^ * 
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h ni'u. a “ d Second Laws Combined. -Tk 

0 rst anci thc second laws of them T * ° f appl >"' n K 

hemodynamics to the 
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equations (t), ( j ), unci (*) may In* obtained hy combinm# the 
equations resulting from the application of tin* laws .separately. 
'I'lius equations (.15) ami (.|<>) give 

&/• ) I 

hi 'a r 


♦ ( 5-0 


Equations (.jh) ami (50) tfivr 

•h' t m 

,V “ .1 T 


And equations (.|H) and (si) p.iw 

1 1 / Sf hi\ 

■' r (" " Hr) ■ 


(53) 


(1.1) 


fl is convenient to transform this last equation hy taking 
values of n and « from page ia, yielding 


a r 


^ if 

Sr S/i 


• (V\) 


The equations deduces! in this chapter show the necessary 
relations aiming ilu* thermal capacities if the laws of thermo 
dynamic's are accepted. Some of them, or equations deduced 
from them, have Inert Used by writers on thermodynamic •» to 
establish relations or compute properties that t annul be readily 
obtained hy direct cx|k*i intents. 

1 m ir the student familiarity with the pro* imrs is of more 
importance than any of the results. 

Alternative Method, Some writers on thermodynamic s re 
M*rve the discussion of temperature until tiles are ready to 
define or assume alt absolute male independent of any sulntame 
and depending only on the fundamental units of lentil ami 
weight, Of the three general captations (i), (j), and < j) they 
Use at lirst only the latter: 

t!<J — ndp \ ad 
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Nosv from equation (16), representing the first law of thermo* 
dynamics, 

dQ = A ( (IE -)- pdv ), 

it is evident that dQ is not an exact differential, since the equa- 
tion cannot be integrated directly. The fact that in certain 
cases p may be expressed as a function of v, and the integral 
for external work can be deduced, docs not affect this general 
statement. Suppose that there is some integrating factor, 

which may be represented by “, so that 

o 

-2 . - dp + - dv 

s s 1 s 

may be integrated directly; we may then consider that we havo 
a series of thermal lines represented by making 

— » const., — «» const., “ «* const., etc, 


These lines with a series of adiabatic lines represented by 

$ = const., <i>' ~ const., <}>" «* const., etc., 

allow us to draw a simple cycle of operations represented by Fig. 
25a, in which AB and CD arc represented by the equations 

5- c, and i- C, 

while AD and BC are ndiftbatics. The effi- 
ciency of a reversible engine receiving the 
heat Q during the operation AB, and reject- 
ing the heat Q' during the operation CD, will be 


r 



A 


B 


[N 


0 a 

<! 

h !r V 


F10. aja. 


, „ &-J2.' _ AW. 

Q Q 

But ^2 j s aJ1 exact differential, and depends on the state of 
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the substance only, and consequently is the same at the end as 
at the beginning of the cycle, so that for the entire cycle 



Now during the operations represented by the adiabatics AD 
and BC no heat is transmitted, and during the operations rep- 
resented, by the lines AB and CD, is constant; consequently 

o 

the integration of the above equation for the cycle gives 

S S' 

. 0 - Q' _ 5 - S' 

" Q S ; 


that is, the efficiency of an engine working on such a cycle depends 
on 5 and S', and on nothing else. 

Zeuner’s Equations. — A special form of thermodynamic 
equations has been developed by Zeuncr and through his influ- 
ence has been impressed to a large extent on German writings. 
These equations can be deduced from those already given in 
the following manner. 

From the application of the first law of thermodynamics to 


equation 

(3) 

we have 

equatior 

1 ( 47 ), page 47, 



dE = 

> + l 


Now 







dE 


Sfi j 
fo '* ’• 

so that 




• 


n 

SE 

0 , . 



A “ 

V 

A = h +P ' 


These properties Zcuner writes 

BE 


X - 




y =t + S- 


i < a a vftnmwm t,imm/*m na*tm m 
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GENERAL THERMODYNAMIC METHOD 


Solving equation (54) first for 0 and then for «, 

Bt 


A T + n 


■FT"* 

ov 


*1 

*/> 

AT-o 


i£ 

*L. 


ii 

Sv 

In equation (3) 

dQ «» ndp -I- odv, 

we may substitute the above values successively giving 
dQ «* g ^ dp + n ( iv -|- /i 7 Y/vj • 

7 

r /<2 - -I- ATdvj 

Bp 

B/ Bt 

because th » z^-dp 
And also 

,lQ ~ ki° rp dp + °i; dv ~ Ard t)- 

By 

.'. dQ - ~ (odi - 


Replacing 0 and n by their values in terms of X and K, 
dQ - A (Xdp-h Ydv ), . 

dQ-|[x*+ £ + /)*], 

Bp 

dQ ~i [™+ £+/)*>]• 


wwroacwarawn itwu ii ^ » i ^j - 1 



fc ' 
k<: 

tf;. ■ 

fry 
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In these equations a is the coefficient of dilatation, or ~ 1 is 

equal to 7’, and 


X 


a" " A 


m, 


i 

A"” 


l(!SL ) 4 

A w /„ 


If this derivation of Zcuner’s equations is borne in mind, the 
treatment of thermodynamics by many German writers may be 
readily recognized to be only a variant on that developed by 
Clausius and Kelvin, 








CHAPTER V. 


PERFECT GASES. 

The clmractcrislic equation for a perfect gas is derived from 
a combination of the laws of Boyle and Gay-Lussac, which 
may be staled as follows: 

Boyle’s Law. — When a given weight of a perfect gas is com- 
pressed (or expanded) at a constant temperature the product 
of the pressure and the volume is a constant. This law is nearly 
true at ordinary temperatures and pressures for such gases as 
oxygen, hydrogen, and nitrogen. Gases which are readily 
liquefied by pressure at ordinary temperatures, such as ammonia 
and carbonic acid, show a notable deviation from this law. The 
law may be expressed by lire equation 

PPi ( 56 ) 

in which />, and arc the initial pressure and volume; {> is any 
pressure and v is the corresponding volume. 

Gay-Lussac’s Law. — It was found by Gay-Lussac that any 
volume of gas at freezing-point increases about 0.003665 of its 
volume for each degree rise of temperature. Gases which are 
easily liquefied deviate from this law as well as from Boyle’s 
law. In the deduction of this law temperatures were measured 
on or referred to the air-thertnometer, and the law therefore 
asserts that the expansibility or the coefiicicnt of dilatation o£ 
perfect gases is the samo as that of air. Gay-Lussac's law may 
be expressed by the equation 

v « v 0 (1 -{- at) (57) 

in which v 0 is the original volume at freezing-point, a is the 
coefficient of dilatation or the increase of volume for one degree 
rise of temperature, and v is the volume corresponding to the 
temperature t measured from freezing-point. 

54 
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Characteristic Equation, — From equation (57) we may 
calculate any special volume, such as v lt gelling 

Vi ^ (1 -I- a/). 

Assuming that p t in equation (56) is the normal pressure of 
the atmosphere // 0 , and suhstituling the value just found for v„ 
we have for the combination of the laws of Boyle and Gay- 
Lussac 

pv 1 -f* ft/) p„v»<* T /) . . . . (58) 

If it be assumed that a gas contracts <v pari of its volume at 
freezing-point for each degree of temperature below freezing 

then the absolute zero of the nir-lhermometer will be™ degrees 

ct K 

below freezing, and 

- + I 

a 

may be replaced by T, Lhe absolute temperature by the air- 
thermometer, 

The usual form of the characteristic equation for perfect 
gases may be derived from equation (58) by substituting 7 ‘ 0I 

the absolute temperature of freezing-point, for - , giving 


pv ^7** T RT (59) 

* / 0 

where R is a constant representing the quantity 



For solution of examples it is more convenient to write equa- 
tion (59) in the form 

ma » , (60) 

i i 0 
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Absolute Temperature. — Recent investigations of the prop* 
crtics of hydrogen by Professor Callender * indicate that the 
absolute zero is 273°.i C. below freezing-point. This cloca 
not difTer much from taking a ■» 0.003665 as given by Rcgniuilt, 
for which the reciprocal is 272.8. Fn this work we shall take 
for the absolute temperature 

T » / H- 273 0 centigrade scale. 

T ■» l -t- 459 0 . 5 Fahrenheit scale. 

These figures are convenient and sufficiently exact. 

Relation of French and English Units. — For the purpose of 
conversion of units. from the metric system (or vice versa) the 
following values may be used: 

one metre « 39.37 inches. 

one kilogram *» 2.2046 pounds. 

Specific Pressure. — The normal pressure of the atmosphere 
is assumed to be equivalent to ihnt of a column of mercury, 
760 mm. high at freezing-point. Now Kcgmiull t gives for 
the weight of a litre, or one cubic decimetre, of mercury 13.5959 
kilograms; consequently the specific pressure of the atmosphere 
under normal conditions is 

j ) 0 *» 10,333 kilograms per square metre. 

Using the conversion units given above for reducing tbti 
specific pressure to the English system of units gives 

f > 0 «=> 2116.32 pounds per square foot, 

which corresponds to 

14.697 pounds per square inch, 

or to 

29.92 r inches of mercury. 

It is customary and sulficicnt to use for the pressure of the 
atmosphere 14.7 pounds to the square inch. 

* Phil. Mag., Jnn., 1903. 
f MSntoircs do I'Jnstilul do Franco, vol. xxl. 
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Specific Volumes of Gases, - ~ From recent detcrminnlion.s of 
densities of gases lay Led ue, Morley, uml Raleigh it appears tlmt 
l Ik* most probable values of Iht* sped lie volume of the eimiiuonur 
gases are 

voi.umks jn ermr mktkks m- uni; kimx;kam. 


Atmospheric air ... 0.7733 

Nitrogen 0.7955 

Oxygen 0.(1996 

Jfydr</gen . 11.123 


The corresponding quantities for Knglish units are given in 
the next table. 

VOI.UMKS IN (THU’ IKKT oh* ONK. I'OUND. 

Atmospheric air . 12.39 

Nitrogen . . 12.7*1 

Oxygen u.ar 

Hydrogen 178.2 

To these may be added the value for carbon dioxide, 0.506 
cubic metre per kilogram or 8.10 eubir feel per pound; but 
as tin* critical lemprrnlure for this substance is u limit 31 0 or 
88° I 1 '., calculations by ihe equations for gases are liable to hu 
affected by large errors. 

Value of A*. 'The constant A 1 which appears in the usual 
form of the characteristic equation for a gas represents the 
expression 

/V? ji . 

r u 

The values for ft corresponding to the French and the Knglish 
system of units may be calculated as follows: 

I r. n. li units, H ■ . * 29.37 . . (6i) 

273 

Knglish units, ft ' '• - «" *51,15 . . (6a) 

• 191.5 

Value of ft for other gases may be calculated in a like manner. 
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Solution of Problems. — Many problems involving the proper- 
ties of air or other gases may be solved by the characteristic 
equation 

pv = HTf 

or by the equivalent equation 

to, 

r r„ 



which for general use is the more convenient. 

Jn the first of these two equations the specific pressure and 
volume to be used for English measures are pounds per square 
foot, and the volume in cubic feel of one pound. 

For example , let it be required to find the volume of 3 pounds 
of air at 60 pounds gauge- pressure and at ioo° i\ Assuming a 
barometric pressure of 14.7 pounds per square inch, 


± too ) 

(14.7 + bo) 1.(4 


2.774 cubic feel 


is the volume of 1 pound of air under the given conditions, and 
3 pounds will have a volume of 

3 X 2.774 «=> 8.322 cubic feet. 

The second equation 1 ms the advantage that any units may 
•be used, and that it need not be restricted to one unit of weight. 

For example , let the volume of a given weight of gas, at too® C, 
and at atmospheric pressure, be 2 cubic yards; required the 
volume at 200° C. and at 10 atmospheres. Here • 


10 v 1X2 
473 373 

47.“? X 2 „ 

V ” lo X -m "" °' 2 53 6 cubic yards. 

O 1 J 

ft 

Specific Heat at Constant Pressure. — The specific hent for 
true gases is very nearly constant, and may be considered to be 
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ho for thermodynamic equations. Regnaull gives for the mean 
values for specific heal ul constant pressure the following results: 


Atmospheric: air 0.3.175 

Nitrogen o.a.ptH 

Oxygen 0.2175 

Hydrogen ,p.|Q<) 


Ratio of the Specific Heats. * Mv a special experiment on 
the adiabatic expansion of air, Rdntgen* determined for the 
ratio of the* specific heats t if air, at constant pressure and at 
constant volume, 

n <Ji • i .40 
c» 

This value agrees well with a compulation to follow, which 
depends on the application of the laws of thermodynamics to a 
perfect gas, and also with a determination from the theory of 
gases by Lovef llmt tin* ratio for air should he If the 

given value for this ratio be accepted the remainder of the work 
in fliis chapter follows without any reference to (lie laws of 
thermodynamics. 

Application of tho Laws of Thermodynamics. The precede 
ing statements concerning the specific heals of perfect gases 
and their ratio would be satisfactory were it definitely determined 
by experiment that the specific heal at conslani volume is as 
nearly conslani ns is the specific heal til constant pressure. 
None of the experimental determinations (not even that by Joly $1 
can be considered as satisfactory as those for the specific heal 
nl constant pressure; consequently there is considerable impor 
lance to be attached to the application of the laws of thermo- 
dynamics to the characteristic equation for a perfect gas, and, 
moreover, this application furnishes one of the most satisfactory 
determinations of the ratio of the specific heals. 

0 

* l'tigf4rndf>rrt'« /Ifinu/fU, vn|, txIvlH, j«. 5fk>, 
t Phil. .Vfijp., July, iX<)i }. 
f /‘roc. Royal SoC., vot. xil, j». iKKfi, 
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This equation shows conclusively that if tlu* characteristic 
equation is accepted the differences of the specific heals must be 
considered to be constant, and if one is treated us constant so 
also must the other. Conversely, the assumption of constant 
specific heals for any substance is in effect tin* assumption of 
the characteristic equation for a perfect gas, 

The solution of equation (64) for the ratio of the specific 
heats gives 

C)> » 

K *■— 

c v _ AJi 

C), 

K = — — — — Eta I ,<| 06 , 

426.9 X 273 X O.2375 


For those who have not rend Chapter IV, the following deriva- 
tion of equation (64) may he interesting. In Fig. 26 let ah repre* 

** " sent the change of volume at constant pressure due 

0 to the addition of heal c^A/ where A / is the Increase 
of temperature ; and let cb represent the change af 

_g 7 pressure due to the addition of he»tc y A/; if qc in 

F10. »6. an isothermal, the latter change of temperature will 
be equal to the former, but the heat applied will be less on account 
of the external work fAv (approximlely). Consequently, ■ 

St 1 

Cp — c v A fi :r *=• A Ii t 


$ 
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llie last transformation making use of the partial derivative 

Sv R 

5 ' ’ // 


Thermal Capacities. — The values of ihe several 
capacities for a perfect gus were derived on page 1 2 and 
written 

thermal 
may be 

lr. 

R {r * ~ fv) ' ' v (< " 0) * * 

• (66) 

vi *- -> 

R """ - v ^ ‘ ‘ ~ "p * 

. (67) 

V 

v T . 

ft I> 

. (M) 

0 

f> T 

F- F' 

. (Otj) 


the transformations in equations (66) and (67) being made by 
aid of the characteristic equation. 

General Equations. -—To deduce the general equations for 
gases from equations (1), (3), and (3), it Is only necessary to 
replace the letters /, w, n, and 0 by their values just obtained, 
Riving 

lq - , A > J ^ ^ v// 1 (r “ “ r,) v' h (7o) 

t m - C r « ' 4 * V l/Q v// f, ( „ r>) I,/ /( ( 7 r) 


rf<? 


C, 


7 r/fl T <> “ r/t/ 
/> ' 1/ 


(7^) 


Isothermal Lino. — The equation to the Isothermal line for 
a gas is obtained by making T a constant in the characteristic 
equation, so that 

frv mi R 7’| 
or 

ft '■ />|V, . (73) 


This equation will be recognized as the expression of Boyle's 
Jaw. It is, of course, the equation to an equilateral hyperbola. 
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To obtain the external work during an isothermal expansion 
we may substitute for P in the expression 

W-~fp.lv 

from the equation to the isothermal line just stated, using for 
limits the final and initial volumes, v. t and v v 

(^5 " *' v ' ./„ 7" “ !, ' v ' lo K« > • • • (74) 

If the problem in any case calls for the external work of one 
unit of weight of a gns, then v t and v a must be the initial and 
final specific volumes; but in many cases the initial and final 
volumes arc given without any reference to a weight, and it h 
then sufficient to find the external work for the given expansion, 
from the initial to the final volume without considering whether 
or not they are specific volumes. 

The pressures must always be specific pressures; in the English 
system the pressures must be expressed in jam mis on the square 
foot before using them in the equation for external work, or, for 
that matter, in any thermodynamic equation. ' 

For example , the specific volume of air at freezing-point and 
at 14.7 pounds pressure per square inch is about 13.4 cubic feetj 
at the same temperature and at a<» pounds per square inch th© 
specific volume is 6.2 cubic feet. The external work during 
an isothermal expansion of one pound of air from 6.3 to 
cubic feet is 

W » p,v l ( Il - />,v, log, ^ 

29.4 x 144 X 6.2 log, «« 18,190 foot-pounds. 

For example, the external work of isothermal expansion from 
3 cubic feet and 60 pounds pressure by the gauge to a volume 
of 7 cubic feet is 


W « (Co 4- 14.7) 144 x 3 log,^ sb 27,340 foot-pounds, 

3 
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In both problems the pressure per square inch is multiplied 
by i.j.j to reduce it to the square fool, In liu* first problem the 
pressures are absolute, that is, they are measured from zero 
pressure; in die second problem die pressure by die gauge is 
60 pounds above the pressure of die atmosphere, which is here 
assumed to be iq.7 pounds per square inch, and is added to 
give the absolute pressure. In careful experimental work the 
pressure of the atmosphere is measured by a barometer and is 
added to the gunge pressure. 

Isoenergic Line. -The isothermal line for a perfect gas i- 
also the isoenergic line, a fail that may be proved as follows: 
The heal applied during an isothermal expansion may be cal- 
culated by making T a constant in equation (70) and then 
integrating; thus: 


Q - Up ~ r 


v ' J fj v 


(f p ( id f j h ig„ 


or, substituting for r v — r„ from equation (o.|), 

<x> Aia\ i.,,!.’;’. i„ K .y v 


(75) 


A comparison of equation (75) with equation (7.1) shows 
that the heat applied during an isothermal expansion Is equiv- 
alent to the external work, or we may say that all llu* heat applied 
is changed into external work, so llml the intrinsic energy is not 
changed. This conclusion is based on the assumption llml 
the properties are accurately represented by the clmrarterislu: 
equation and that the specific heals are constant. As both 
assumptions arc approximate so also is the conclusion, as will 
appear in the discussion of (low through 11 porous plug. 

An interesting corollary of the discussion just given Is tint l 
an infinite isothermal expansion gives an infinite amount of 
work. Thus the area contained between the 
axis OV (Kig. 27), the ordinate ah t and the 
isothermal line aa extended without limit is 

00 


)V ~ p„v Q log, 


V a 


to. 


\ 


V, 
». " 
Ptti. 


IJ&: 
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This may also be seen from the consideration that if ) lcat k 
continunJly applied, and all changer! into work, there will be a 
limitless supply of work. 

Adiabatic Lines. — During an adiabatic change — for exam- 
ple, the expansion of a gas in n non-conducting cylinder — heat 
is not communicated to, nor abstracted from, the gas; conse- 
quently (!Q in equations (70), (71), and (73) becomes zero, 

From equation (72) 

V T 

0 ^ (IQ « c vT rf/j -| r„ — aV; 

l> v 

, Cj.il v (If) 

c v V f) * 

Ct 


“O' 


c 

The ratio J of the specific heals may be represented by *, and 
the above equation may be written 


(*X m h 

w P 


v*p m vfjpi « const {17 hi 

This is the adiabatic equation for a perfect gas which is mosst 
frequently used. If adiabatic equations involving other varfn« 
blcs, such as v { and 7 \ , arc desired, they may be derived from 
equation (76) by aid of the characteristic equation, which /or 
this purpose may be written 


so that 


T Ty 

h Oil 

P VyT 

„ l 

w r 


• • « t % % 


.\ TV 




(T9) 


. =^6 
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Or equations (78) and (79) may be deduced directly bom 
equation (70) as equations (7C) and (77) were bom equation 
(73). 

In like manner we may deduce from equation (71) 

r£* V ,/>, " (80) 

or we may derive it from equation (76). 

To find the external work the equation 



may be used after substituting for f> from equation (77) 



In Fig. 38 the area between the axis OV, P 
the ordinate ha, and the adiabatic line ok ex* 
tended without limit, becomes 


\. 


' W t - 



tr 

h 

Via. il. 


and not Infinity, as is the. case with the Isothermal line. 

Here, as with the calculation of external work during iso 
thermal expansion, specific volumes should be used when the 
problem involves a unit of weight; but work may be calculated 
for .any given initial and final volumes without considering 
whether they arc specific volumes or not. The pressures are 
always pounds on the square foot for the Fnglhh system. 

For example, the external work of adiabatic expansion front 
3 cubic feet and do pounds pressure by the gauge to the volume 
of 7 cubic feet is 

\y m UdJLm.2LA 5 f 

M05 - 1 ( 


© 


1 .40ft 1 


33,140 fool-pounds, 


r 1 ** 





in which «• has a value between unity and 1,-105 . Tlir fan 
integration for external work is the same as for that of «<U*I 
expansion, and the amount of external work fa laimwrs 
between that for adiabatic and that for isothermal vx^rnmh 


55 PERFECT GASES 

which Is considerably less than the work for ihu rom^Ksmlfeg 
isothermal expansion. 

Attention should be called to the fuel that calculation* by th fc 
method arc subject to a con side ruble error from the fact iteat 
the denominator of the coefficient contains llu: term * ~~ 1 m$ml 
to 0.405; if H bo admitted that the last figure is uiu'crtuin to jjfcf 
extent of two units, the error of calculation becomes half si pm 
cent. 

Intrinsic Energy. — Since external work during »n nilUtnife 
expansion Is done at the expense of tlu* intrinsic energy, the «nm% 
obtainable by an Infinite expansion cannot be k rest lt*r ih&n gfe# 
intrinsic energy. If it be admitted that such mi expoM* 
changes all ol the intrinsic energy into external work we 
have 

( **' ll'i CW 

which gives a ready way of calculating intrinsic energy. te 
practice we always deal with differences t>f intrinsic enr rg$, m 
that even if there be a residual intrinsic energy after tin mi*? 
adiabfttlc expansion the error of our method will be ellmlMtal 
from tin equation having the form 

— R. - -Ml. ..... JMt «« 


BXponentUt Equation. — The expansions mul 
of air and other gtiscs {n practice are seldom exnr tiy iMuhrcwal m 
adiabatic; moro commonly an actual operation in inirrmnlMtr 
between the two, It Is convenient mu) usually Miffa km 
represent such expansions by an exponential c*« | notion, 
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Change of temperature during such an expansion may he 
calculated by the equations 

7 V‘-»= 7 >“’ 1 (85) 

1 — n I -n 

TP M " = T1P1 " (86) 

which may be deduced from equation (84) by aid of the char- 
acteristic equation ^ „, n 

1 pv - RP 

as equation (79) is deduced from equation (76). 

If it is desired to find the exponent of an equation representing 
a curve passing through two points, as a t and a 2 j p a , 

(Fig. 29), we may proceed by taking logarithms 
of both sides of the equation 

• p\V * = p.fi’.jP) 

gn,ng n log v t -H log />, = n log v 2 + log p 7t 

“ so v = } °gA ~ log >2 t t (S ^ 

log v 2 - log v l w 

For example , the exponent of an equation to a curve passing 
through the points 

Pt = 74-7. v i - 3. - 3°i ^2 - 7i 

is log 74.7 — log 10 

n = — — ; — =->*- = 1. 104. 
log 7 — log 3 

It should be noted that as n approaches unity the probable 
error of calculation of external work is liable to be very large. 
Entropy, — For any reversible process 

consequently from equations (70), (71), and (72) we have 

, . dt , / \ dv 

d<P r„ - + (c p — c v ) — > 

T v 

d(f> =* ff, -h (c, — r P ) 
d$ =-• c„ — -J- r p — ; 
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and, integrating between limit**, 


03 0| *'* c * 1* (fj, — c„) loir c 

1 ( v x 

03 f A» "O' y ^~ i (<’/' ‘ l0g a 

1 />., 


« 


0 3 - 0), ~ 



i ' l<>g« ^ 

? 'l 


« 


which give ready means of calculating changes of entroi 
These equations give the entropy changes per pound, and are 
be multiplied by the weight in pounds to give the change 
the actual conditions, ° 

For example, the change of entropy in passing from the pr 
sure of 74.7 pounds absolute per square inch and the voht 
of 3 cubic feet to the pressure of 30 pounds absolute and 1 
volume of 7 cubic feet is 


0» - 


M°5 



1 o*a.t7S l«K- ■■ - 

3 


0.0,154, 


Since the pressures form the numerator and denominator 
a fraction, there is no mrvw'ny to reduce them to the aqu 
foot. In ibis problem the pressures and volumes arc taken 
random; they correspond to a temperature of i.|6°JP., nt 
initial condition. As has already been said, there is sold 
occasion in practice for using the entropy of n ms . 

Comparison of the Air-Thermometer with the Absolute Set 
~-In connection with the isodymunic line it was shown that ' 
intrinsic energy is a function of the temperatme only. T 
conclusion is deduced from the characteristic equation on 
assumption that the scale of the air thermometer coincides w 
the thermodynamic scale, and it afford* a delicate method 
estmg the (ruth of the characteristic equation, and of compnr 

lhl> i \trr\ n/iA 1 
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Tin- most complete experiments for this purpose were made 
I iv Joule and Lord Kelvin, who forced air slowly through a porous 
plug in a tube in such u manner ihiu no lu-ai was transmitted 
lo or from tin- air during the process. Also the velocity both 
before and beyond the plug was so small that the work due to 
the change of velocity could be (Unregarded. AH the work that 
would be developed in free expansion from the higher Lo the 
lower pressure was used in overcoming the resistance of friction 
in the plug* and so ((inverted into heat, and us none of this heat 
esniped.il was retained by the air itself, the plug remaining at a 
constant temperature. It therefore appears that the intrinsic 
energy remained the same, and that a change of temperature 
indicated a deviation from the assumptions of the theory of 
perfect gases. 

In the discussion of results given by Joule and Lord Kelvin * 
in iHs.j they gave for the absolute temperature of freezing-point 
7 ('« As the result of later experiments f they staled that 
llu* cooling for a (inference of pressure of too inches of mercury 
was represented on the centigrade sea le by 

o.°<j i • 

From these experiment* ami from other considerations con- 
cerning the constant volume hydrogen thermometer, Professor 
Callendar linn determined that the most probable value for the 
absolute temperature of freezing point is a?/ 5 , t C’., ns already 
given, and gives a table of corrections to the hydrogen ther- 
mometer to obtain lent i icra lures on the absolute scale. As 
the corrctiion at any temperature between — aoo° and h 450" 
C. i* not more than tJa of n degree this is interesting mainly 
to physicist*. The corrections for the air-thermometer itl con- 
stant pressure are somewhat larger, but approach iSy of a degree 
only at 300° C. 

* Phil. Tram, vol, c rltv, |». 449. 
f thhl- vt*l. fill, |». 5?0» 
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Deviation from Boyle’s Law. — Kurly experiments on the 
permanent gases (as they were then known) indiealed that 
there wero small deviations evident to a physicist, but not of 
Importance to engineersr; but now that air is compressed to 
pressures as high as 2500 pounds per square inch, it becomes 
necessary to take account of such deviations in engineering 
practice. 

Perhaps the best conception of this subject, and of the four 
recognized states of fluids, can he lutd from a consul cml ion of 
Andrews’ * experiments, which for the present purpose are con- 
venient! y represented by his isothermal curves, which arc repro- 
duced in Fig, 29a, together with the curves for air. The lauer 
are approximate hyperbola: referred to the proper axes, that 
for zoro pressure being nearly the whole height of the diagram 
below the figure as it is drawn. At .|8°.[ C., the isothermal far 
carbonic acid shows a marked deviation from the hyperbola, m 
may be seen by comparison with the curves for air, or better 
from the fact that a rectangular hyperbola through P will \mm 
through Q, On the other hand, the isothermal for 13°. 1 reacm- 
bles that for steam, which is commonly known as a saturated 
vapor whose pressure is constant at constant 
temperature; the horizontal part of this j|n# 
represents n mixture of liquid and vapor 
which at the left runs into the liquid curve* 
and as liquid carbonic add 1ms cons id era lifer 
compressibility, this curve becomes a straight; 
line with an appreciable inclination to lit# 
axis of zero volume. At the right, the 
thermal shows a decided break and 
away as the volume becomes larger 
that of the saturated vapor. The isolhermiil 
for 2i°.5 shows similar rbnrm terislleu, bus 
the passages from one condition to another are more grad md,, 
The dotted curve is drawn through the points of saturation in4 
liquefaction, and Its crest corresponds to the critical temperature.. 

* Phil, Trans., 1860. port if, j>. 375. nml 1876, jmri II, j». .jj*. 
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The iontltmttnl f**r jii .° i i** dearly alum* the critical tempera- 
ture and does ii«*t indicate a Ui|urfiu tinti. 

The wurul .italic «»f a thud may he enumerated as 


l, IJijiiir). 

j. Saturate*! vapor, im hiding mixture*. of liquid and vapor, 
j. SujH-rhealefl vftj«>r dmraturi/ed hy a larger volume than 
| saturated vapor fur a given temperature and pressure. 


.j, lias near tlu* i ritual temperature the deviation* from 
Hoyle's larv are eery large, at higher temperature the 
deviations diminish and hewune unimportant. 


$ 

Critical Tempura lures, The following 

talile of » ritual 


lemjHraluren and 

of iMiiling j»oitti*» at ainio.pherh pressure is 

l: 

taken in jurt from 

Weston's "Theory « »f Ileal," 

ttatllag I'ainl. t «t|l«a 

k 

Hydrogen 

... - j\ j.**7 

0. C. 

f. 

Nitrogen 

"tu-h-l 

t -pr 

} : 

S_ 

Oxygen 

...... iHj,.? 

- t tH.H 

* 

Air 

. . . ™" 

— I »|U 


(VI mil mono x id r 

.... ”11)0 

— i.W.5 


CarlwtH dioxide 

?H-.I 

+ .U..H 

h . 
i‘ 

Sulphur dhuidr 

...... - in 

4 t ^ 7.0 

t 

> . , 

Kilter . . 

.ltd 

t?S 

i ' 

Alcohol 

7«.j 


|; . 

(*arl«m hwulphtdi 

TM 

JK.\ 

Water . . . 

lew 

pw 


I; Dfttwlty at High Prt^ure. It the uui.il methods (given on 

juage %8) tor the dutum mf prohtrrm involving the properties 
if of gases, are applied with very high pre?nure, errors amounting 

| to two or thrre prr rent are liahle to Im* int Hired, owing to the 

tf rtr\ ration front |tmlr\ Uiv. In some wines, thin error may he 

ignored in engineering prat (hr; in some eaten the error may he 
Included in a praetie.il fa* lot, an will lie indicated In tile design of 
iiir compressors; and in other canes allowances must l»e made 
; from the rv|»erimrnlal inform tfion furnished hy Armagal, .cud 

which may l*r found in hmdnh and HornMein '♦» Malden. 
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Ronfgen’s Experiments. — Direct cxperimenls to determine 
k may be made as follows. Suppose lira l u vessel is filled with 
air at a pressure />„ while the pressure of the atmosphere la fa 
Let a communication be opened with the atmosphere sufficient 
to suddenly equalize the pressure; then lei it be closed, and lit 
the pressure p. t be observed after the air has again attained thtt 
temperature of the atmosphere. If the first operation is suffix 
ciently rapid it may be assumed to be adiabatic, and we may 
use equation (77), from which 


^ Jog Pi -.l»g A* t 

lug v„ - • log v, 


m 


The second operation is at constant volume; consequently 
the specific volume is the same at the final stale aa after tin} 
adiabatic expansion of the first operation. Hut the initial and 
final temperatures are the same; consequently 

v,/q « v„fa 

.\ log v„ - log - log />, - log />„ 


) 


which substituted in equation (91) gives 

* „ )2LhszMJa 

log />, - log />, 

Tl^| same experiment may be made by rarefying the air In 
the vessel, in which ease the sign of Die second term chimps* 
Rontgen* employed this method, using a vessel contaMitg :j 
70 litres, and measuring the pressure with a gauge made an 
the same principle as the aneroid barometer. Instead of Mtum. 
fng the pressure ft, at the instant of closing the slop-cock to be 
that of the atmosphere, he measured it with the same instrument, 

A mean of ten experiments on air gave j 

K « MO53. | 

* PoggtHdorfj's An mien, vol. cxlviii, j>. s fto. . I 
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x. Find the weight of 4 cubic metres of hydrogen ill 30° C., 
and under the pressure of 800 mm. of mercury, Ans. 0,3/) r kg. 

2. Find the volume of 3 pounds of nitrogen at 41 pressure of 
45 pounds to the square hu h by the gauge and at 8o° R Ans. 

1 f.05. 

3. Find the temperature at which one kilogram of air will 
occupy one cubic metre when at a pressure of 20,000 kilograms 
per square metre, Ans. .jio°(\ 

4. Oxygen unci hydrogen are to he stored in tanks 10 inches 
in diameter and 35 inches long. At a maximum temperature 
of iio°K, the pressure must not exceed 250 pounds gauge. 

What weigh! of oxygen can he stored in one lank? What of 
hydrogen? Ans. Oxygen 2.21 pounds. Hydrogen 0.138 pound. 

5. A balloon of j 2,000 cubic feel capacity, weighing with cur, 
occupant, etc., 0(15 pounds, is inflated with 9500 cubic feel 
hydrogen at ho 0 F., the barometer reading 30 inches. Find 
the weight of the hydrogen and the pull on the anchor rope; 
find also (he amount that the bulloon must he lightened to reach 
a height where the barometer reads 20 inches, and the tempera- 
ture is io° below zero Fahrenheit. Ans. Weight hydrogen 
50.4 pounds; pull on rope 12 pounds; balloon lightened 7.5 
pounds. 

6. A gas- receiver holds 14 ounces of nitrogen at ao° C., and TV 
under a pressure of 29.6 inches of mercury. How many will it 
hold at 32 0 !'\, and ui the normal pressure of 760 mm.? Ana, 

15.18 ounces. 

• 7. A gas- receiver having the volume of 3 cubic feel contains 
half a pound of oxygen at 70° F. What is the pressure? Ana, 

29.6 pounds per square inch. 

8. Two cubic feet of air expand at 50° I\ from a pressure 
of 80 pounds to a prefigure of Go pounds by the gauge, What 
Js the externa! work? Ans. 6464 foot-pounds. 

9. What would have been the external work had the air 
expanded adiabatically ? Ans. 4450 foot-pounds. 
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10. Find the externa) work of 2 pounds of air which expand 
adiabaticaliy until the volume is doubled, the initial pressure 
being 100 pounds absolute and the initial temperaturo ioo°T\ 
Ans. 36,100 foot-pounds. 

11. Find the external work of one kilogram of hydrogen, 
which, starting whh the pressure of 4 atmospheres and with thft 
temperature of 500° C., expands adiabaticaliy till the tempera- 
ture becomes 30° C. Ans. 489,000 m.-kg. 

12. Find the exponent for an exponential curve passing 
through the points p = 30, v = 1.9, and />, *» 15, v t «■ 9,6, 

vpi Ans. 0.4279. 

. 13. Find the exponent for a curve to pass through the points 

if' p = 40, v = 2, and pi = 12, v l » 6 , Ans. 1.0959. 

14. In examples T2 and 13 let p be the pressure in pounds Oil 
the square inch and v the volume in cubic feel. Find the oxiornai 
work of expansion in each case. Ans. 21,900 and 12,0 to Cool" 
pounds. 

15. Find the intrinsic energy of one pound of nitrogen under 
the standard pressure of one atmosphere and at freezing- pollft 

Ojfy of water. Ans. 66,500 foot-pounds. 

/jf- : 16. A cubic foot of air at ,492.7° F. exerts 14.7 pounds gatrg& 

7 *,* tl pressure per square inch. How much do its internal energy and 


P-y v ? * 


its entropy exceed those of the same air under standard condi- 
tions? Ans. 5052 foot-pounds; .00912 units of entropy, 

17. Find the increase in entropy 0/ 2 pounds of a perfect 

during isothermal expansion at ioo° F, from an initial prcMUfii ; 
of 84.3 pounds gauge and a volume of 20 cubic feet to a fittlll 
volume of 40 cubic feet. Ans. 0.453, ' ' J • 

18. A kilogram of oxygen at the pressure of 6 atmosphere 
and at 10 o° C. expands isothermally till it doubles volume* 
Find the change of entropy. Ans. 0.0434. 

19. Twenty pounds of air arc heated at a constant prmute 
of 200 pounds absolute per square inch until the volume lncrtf&§a§i 
from 20 cubic feet to 40 cubic feet. Find the initial and fiiml 
temperatures, the change in internal energy and the increase in 
entropy. How much heat is added? Ans. 80° and 
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increase of intrinsic energy 3,420,000 foot-pounds; increase in 
entropy 3.29; heat 2570 ji.t.u, 

20. Suppose a hot-air engine, in which the maximum pressure 
is 100 pounds absolute, and the maximum temperature is 6oo° F., 
to work on a Carnot cycle. Let the initial volume be 2 cubic 
feel, let the volume after isothermal expansion be 5 cubic feet, 
and the volume after adiabatic expansion be 8 cubic feet. Find 
the horse-power if the engine is double-acting and makes 30 
revolutions per minute. Ans. 8.3 horse-power. 


CHAPTER Vr. 

SATURATED VAPOR. 






For engineering purposes steam is generated in a boiler which 
is partially filled with water, and arranged to receive heal from 
the fire in the furnace. The ebullition is usually cncrgchc, fltul 
more or less water is mingled with the steam; but if there is it 
fair allowance of steam space over the water, and if proper 
arrangements are provided for with drawing the steam, it will 
be found when tested to contain a small amount of water, usu* 
ally between half a per cent and a per cent and a half. Steam 
which contains a considerable percentage of water is passed 
through a separator which removes almost all the water. Such, 
steam is considered to be approximately dry. 

If the steam is quite free from water it is said to be dry and 
saturated; steam from a boiler with a large steam space and 
which is making steam very slowly is nearly if not quite clry. 

Steam which is withdrawn from the boiler may be heated to ft 
higher temperature than that found in the boiler, and is then atlUl 
to be superheated. 

Our knowledge of the properties of saturated steam and other 
vapors is due mainly to the experiments of Regnaull,* who 
determined the relations of the temperature and pressure, UtO 
total heat of vaporization, and the heat of the liquid for many 
volatile liquids. Since his lime, Rowland’s determination of 
the mechanical equivalent of heat, gave a more exact dctcrml* 
nation of the specific heat of water at low temperatures, and 
recently Dr. Barnes has given a very precise determination of 
that property for water. Again, certain work by Knoblauch, 
Linde, and Klebe, has given us a good knowledge of the properties 

* MSntoires de I'lnslitut de France, etc., tome xxvi. 
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of superheated steam which can be extended to give the specific 
volume of saturated steam over a considerable range of temper- 
ature. At the time when the first edition of this work was pre- 
pared it appeared desirable to compute tables of the properties 
of saturated vapor, taking advantage of Rowland's work, 
and eliminating some uncertain lies due to the way in which 
Regnaull used his empirical equations in compulating tables. 
As all this involved changes of sufficient magnitude to influence 
engineering compulations, it seemed necessary to quote the 
original data at length and to give computations in detail. This 
introduction to the c hapter on saturated vapors was found to be 
somewhat confusing to students reading it for the first time, and 
since the main points are now commonly accepted, this work is 
given only in the introduction to the “Tables of the Properties of 
Saturated Steam,” the reason for priming it being that it is not 
given elsewhere, as the earlier editions have passed out of print. 

Recent correction of the absolute temperature of the freezing- 
point of water by Callcndnr and the determination of the specific 
heal of water by Barnes make it necessary to recompute the 
“Tallies of the Properties of Saturated Steam ” which are 
intended to accompany this book, and opportunity is taken to 
introduce further data in those tables, and in addition a table 
1ms been prepared which will be found to greatly facilitate calcu- 
lations of adiabatic changes of steam and water. 

Pressure of Saturated Vapors. — Regnaull expressed the 
results of his experiments on the temperature and pressure of 
saturated vapors in the form of the following empirical equation, 

log p STC 9 Q. •*!** b a" H* r/ 3 " (94) 

where p is the pressure, it is the temperature minus the temper- 
ature t a of the lowest limit of the range of temperature to which 
the equation applies, i.e.i 

H *'■"* i — 

The constants for the above equation as applied to saturated 
steam have been recomputed and reduced to the latitude of 45° 
and arc as follow; 




mm. of mercury, 

log * * f #^ 

a « A-IXft**** 
log h «■» 0.61 i J 
log « ™ H. 

log rt « ~ 10 

log $ «• o , oofcJU’M i 
II *• I 

C, For stenm from ioo° to aao* C. rxprming ihc pressure In 
mm. of mercury, 

o - S..157*?«« 
log h *s * 

log c “ 7 * 74 «&?*W »«* 

log « ** Q.wy-j i t 4 </® • iw 
log fl ®» Q . CK>7 (M 

II «« I - U30 

B l . For steam from 33 0 to 31 j° R in jKJUml* par square inch, 

« *» 3.0430**^ 
log !i « a, f > 1 
log e ** S. tji«M 10 
logo ®* q. 9981*101$ - 10 
log/? wi 0* OojSlj^ 

II w I “ 31 


C j. For steam from aia° to 438** F. In pounds j»cr square 
inch, 

a m 

log b « 0,,|I3<*»«I I 

log C «« 7.741 -<• 10 
log « « 9,908561*31 - Id 
log/) ■» 0.0044,15,4 
11 m 1 ™ au 

Pressure of Other Vapors. — Regnault determined n)io the 
pressure of a large number of saturated vapors at various tern- 
pcraturcs, and deduced equations for each In the form of equa- 
tion (94). The equations and the constants a& deter min cd by 
him for the commoner vapors arc given in the following to blci 



i m ' 

K 



lop/ 

a 

b 


Alcohol 

0 - bn* eft* 

5 . 4563038 

4.9809960 

°* a l 85397 

r.lhcr ........ 

il 1- bn* ■ - (ft* 

5.0386298 

0.0002384 

3.1906390 

Chloroform 

11 — /m" -• f/i* 

5.3253893 

3.9531281 

0.0668673 

Cnrlion bisulphide . . 

<1 — /(o'* • • eft* 

5.4011663 

3.4405663 

0. 2857386 
< i . 067489° 

Cnrhon icirnchloride 

(1 — /in» — eft 

12.0962331 

9.137518° 


Alcohol 

Hlher ....... 

Chloroform 

Cnrlxm bisulphide . 
Cnrbon tctrnchlorhlc 


lo«rt 

log/) 

U 

l.litriu. 

f .99708557 

T. 9409485 

1 -1- 30 

— 20°, h 150° C. 

0-0145775 

f. 996877 

l -h 30 

— 20°, -j* 120° C. 

1.99741 44 

1.0868176 

l — 20 

•1* 20°, -h l6.|° C. 

T. 997763 8 

T. 991 1997 

1 -I* 30 

- 2 0°, -1- 140° C. 

1.9997120 

*1.9949780 

t •!• 20 

- 20°. 4- 1 88° C. 


Zc uncr * slates that there is a slight error in KcgnnuU's cal- 
culation of the constants for accton, and gives instead 

log p «“» it ~ bn * -(• cft *\ 

1 1 ~ 5 * 3 ° 8 5 «H 9 ! 

, log ha* ™ •1*0.5312766 — 0.0036148 l\ 

log ( ft * “» —0.9645333 — 0 . 03 I 55 Q 3 l. 

Differential Coefficient I'rom the general form of 

ill 

equation (9*1) we have t 

log, p™ *“ a '}• jj fra" *h efF (95) 

M being the moil ulus of the common system of logarithms. 
Differentiating, 

pdl ** ir 11 a * * if c ^ ^ 1 

or, reducing to common logarithms, 

~ tt " + th clo B^- 


Lit 

p (It 


« Aa n + J 5/9*. 

* Mechtvtlscho Wtinnelhtorfo , 
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3 . For o° to ioo° C., mm. of mercury, 

tog/t =• 8.8512720 ~ i°l 
log B - 6.69305 - 10; 
log nr, 9.996725828 — 10; 
log /?, => 0.00686 it. 

C. For roo° to 220° C., mm. of mercury, 

log A - 8.s.t95rs8 - 105 
log B “ 6. 3493 1 - 
log «, => 9.997411296 - to; 
log /?,=» 0.0076418. 


English U nils. 

B,. For 32 0 to 212 0 F., pounds on the square Inch, 
log A => 8.5960005 - 10; 
log B - 6.43778 - to\ 
log « 2 « 9.998181015 — 10} 
log & =» 0.0038134. 

* 

C r For 212 0 to 428° F. # pounds on the stpinro inch, 

log A «=■ 8,2942434 ~ 10 * 
log B «= o. 09403 — to; 
log « 3 «** 9.998561831 — IOJ 

log Pj - 0.0042454* 


It is to be remarked that ~~ may be found approximately 
by dividing a small difference of pressure by the corresponding 
difference of temperature; that Is, by calculating With a 


table for even degrees of temperature we may calculate the 
value approx : matcly for a given temperature by dividing the 
difference of the pressures corresponding to the next higher and 
ihe next lower degrees by two. 

The following table of constants for the several vapors named 
were calculated by Zeuner from the preceding equations for 
temperature and pressure of the same vapors; 


WFFKRBNTCAr. COKFFK'IBNT - 1 -* -f- . 

/* (U 


Alcohol 

Udter 

Chloroform ... 
Ciirhon lihuilphhlo . 
('nrlioii iclrncltlurlclts 
Am»it .... . 


StiiN. 


A« H 


H 


In* M.i") 

In* (flA B ) 

- 1. 17300.) t -0.0030 Ml 1 

“ t.5!0W>3j— O.OOJ 1331 / 

- i..l.|iono— 0 . 00 JSH 5 O / 

- I . 'I.V1977H— 0.0031 17 J ( 

-• i.wi iojH— o.ooojHSo / 
•* t.jjfi&s 11 — 0. 00 jin. |rt t 

~3 0OQ37O1 — ID 05 Q 05 I s / 

— •!. 4616,3 9&'J*o.or,i5??.5/ 
-- 3 . 0 G 6 ? 13.1— o.ot ji 8 j.| t 

1 — a.on 107 H— o.ooitRooj / 

— t ..tSia ( 05 — 0.0050300 / 

1 - t.go64583—o.03jss03 7 


Standard Temperature. It is customary to refer all calcu- 
Iulions for glides to l lie standard conditions of the pressure of 
the atmosphere (760 mm. of mercury) and to the freezing-point 
of water. Formerly the freezing* [Joint was taken us the standard 
temperature for water and steam as even now it is the initial point 
for tables of the properties of saturated vapors. lUit the investi- 
gation of the mechanical equivalent of heat by Rowland resulted 
in a determination of the specific heal of water with much greater 
delicacy than is possible by Rcgmtull’s method of mixtures, and 
showed Dial freezing-point is not well adapted for the standard 
temperature for water. It has been the habit of physicists 
for many years to take 15° C. as the standard temperature, 
and this corresponds substantially with f)2° l\, at which the 
English units of measure are standard. Professor Callendar 
recommends 20° C. as the standard temperature which would 
make a variation of about k/oa in the value of the mechanical 
equivalent of heal and in the specific heat of water. 

Mechanical Equivalent of Heat. -—The most authoritative 
determination of the mechanical equivalent of heat appears to he 
that by Rowland,* from which the work required to raise tiie 
temperature of one pound of water from 62° to 63° F. is 

778 foot-pounds. 

This is ecjuivalcnt to 

427 metre kilograms 

in the metric system. Since his experiments were made this 
important physical constant has been investigated by several 
* Proc. Am. Acad., vol. kv (N. S. v{{), 187^. 
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made after a recomparison of his thermometers. The eonclu* 
sion appears to be that his results may be a little small, but the 
differences are not important, and it is not certain that the con* 
elusion is valid. There seems, therefore, no sufficient reason for 
changing the accepted values given above. 

Heat of the Liquid. — The most reliable determination of tho 
specific heat of water is that by Dr. Barnes,* who used an electrical 
method devised by Professor Callcndar and himself, and who 
extended the method to and below freezing-point by carefully 
cooling water without the formation of ice, to — 5 0 C. This 
method gives relative results with great refinement, and gives also 
a good confirmation of Rowland’s determination of the median* 
icat equivalent of heal. Dr. Barnes reports values of the specific 
heat of water up to 95 0 C. In the following table his results arc 
quoted from o° to 55 0 C.; from 55 0 to 95 0 his results have been 
slightly increased to join with results determined by recomput- 
ing Regnault’s experiments on the heat of the liquid for water 
(which experiments range from no°C. to i8o°C.) by allowing 
for the true specific heat at low temperature from Dr. Barnes’s 
experiments. The maximum effect of modifying Dr. Barnes’s 
results is to increase the heat of the liquid at 95 0 by one- tenth of 
one per cent. 

SPECIFIC HF.AT OF WATER. 


Temperature. Temperature. Temperature. 

Specific . Specific 


1.0094 4s 
1.00530 50 
1.00230 55 
1,00030 60 
0.99895 fi 5 
0 . 99806 70 
o*99759 75 
o*99735 «> 
0*99735 85 



0.99760 
0 . 99800 
0.99850 
0.99940 
1.00040 
1.00150 
1,00275 
1 , 004 1 5 

i*oo557 



1 . 00705 
1.OOH55 
1.01010 
1.01690 
1 .09350 
I .02850 
1.0347s 
1.04100 
1.04760 


* Physical Review, vot. xv, p. 71, 1903 
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Heat of the Liquid. — The heat required to raise one unit of 
weight of anj' liquid from freezing-point to a given temperature 
is called the heat of the liquid at that temperature; and also at the 
corresponding pressure. Since the specific heal for water varies 
we may obtain lire heal of the liquid by integration as indicated 

by the equation e 

q *» / cdl (96} 

In order to use this equation it would be necessary to obtain 
an empirical equation connecting the specific heal with the 
temperature; such an equation has not been proposed and would 
probably be complex. Another method is to draw a curve with 
temperatures as ubscissfe and specific heats as ordinates and inte- 
grate graphically. The fact that the specific heat is nearly 
equal to unity at all temperatures and that consequently the heat 
of the liquid for the Centigrade thermometer is not very different 
from the temperature suggests the following method: 

Lei c w* r -i* h 

when k is the difference between the specific heat and unity at 
any temperature, k being positive or negative as Ihc ease may be. 

rhm q « l +J hit (97) 

4 

which nmy be obtained by plotting values of k as ordinates and 
integrating graphically, which will have the advantage that the 
required curve may be drawn to a large scale and give correspond- 
ingly accurate results. The values for the heat of the liquid for 
water in the “Tables of the Properties of Saturated Steam ” were 
obtained in this way. 

The following table gives equations for the heals of the liquids 
of other substances than water, determined by RegnauU. t 
HEAT OP THE LIQUID. 

Alcohol <1 «• 0.5475.1 M- 0.001 n 1 S fl 

-(• 0. 00000 a aof> < 5 

Kiher q •“ o.gaqor i -h 0.0002959 / 3 

Chloroform ? « 0. 23235 M- 0,0000 <07 

Carbon bisulphide ......... q « a 0.33531 1 -h 0.0000815 P 

Carbon lelrnchlorldc 9 «» 0. 19798 M* 0.000090G I 

Aceton q « 0.50643 1 + 0.00039G5 P 


1 J1L HWll IVM mil *> 

cliff event miurn; fur example, the siiccilU* IumI for *»Uuh«l U 
c - 0.5.1754 l* 0.0023.136 / i qxkk»oWii8 (* 

Total Heat. — This term in defined ns the heal required Ift | 
raise a unit of weight of water from (reeving [mint lo a given j 
temperature, and to entirely evapomte it Ml that IrmpmituEfc 
The experiments made by Regnaull were in the reverse orders | 
that is, steam was led from a boiler into the t a 1 or i me ter anti | 
there. condensed. Knowing the initial anti final weights a( , 
the calorimeter, the temperature of the Meant, ami the initial | 
ancl final temperatures of the water in the calorimeter, he was j 
able, after applying the necessary correction*. to calculate the j 
total heats for the several experiments. \ 

The results from these experiments are represented by the 
following equations: j 

For the metric system, 

.// ** 606.5 b 0*305 / (08) j 

For the English system, 

11 «• tog 1.7 I- 0.305 (/ JJ) ... (eg) i 

An investigation of the original experimental results, ] 
allowing for the true specific heat of the water in the calorimeter, \ 
showed that the probable erroVs of the met hex! of determining 
the total heat were larger than the deviation a of the true sqxjclfic ] 
heats from unity, the value assumed by Regnauh; and, further, ] 
it appeared that his equation represents our l«?M knowledge of j 

the total heat of steani There appears to Ik? mi mutun for j 

changing this equation till new experimental values shall lie j 

supplied. The deviation of Individual experimental results j 
from corresponding computations by the equation b likely to be ] 

one in ftvc hundred. There is further some uncertainty whether 1 

the method of drawing steam from the boiler did not involve | 

some error due lo entrained moisture. The best check upon j 

Rcgnault’s results is a comparison with Knoblauch ’» work on \ 

superheated steam. j 


Regnaull gives the equations following for other liquids; 

Kilter J/ *» q.j + 0.45/ — 0.00055556 0 

Chloroform If ■» 67 -1-0.1375; 

Cmbon bisulphide 11 **» qo I- o. 14601 j — 0.0004123 0 

Carbon tetrachloride // 52 -I- o. 14625 1 — 0.000172 /* 

Aceton 11 «*> 140.5 -1- 0.36644 < - 0.000516 

Heat of Vaporization. — If the heal of the liquid be sub- 
tracted from the total heal, the remainder is culled the heat of 
vaporization, and is represented by r, so that 

r *=■ II — q (100) 

Specific Volume of Liquids. — The coefficient of expansion of 
most liquids is large as compared with that of solids, but il is 
small as compared with that of gases or vapors. Again, the 
specific volume of a vapor is large compared with that of the 
liquid from which it is formed. Consequently the error of neg- 
lecting the increase of volume of a liquid with the rise of temper- 
ature is small in equations relating to the thermodynamics of a 
saturated vapor, or of a mixture of a liquid and its vapor when 
a considerable part by weight of the mixture is vapor. It is 
therefore customary to consider the specific volume of a liquid 
c to be constant. 

The following table gives the specific gravities and specific 
volumes of liquids: 

SPECIFIC GRAVITIES AND SPECIFIC VOLUMES OF LIQUIDS. 



Specific 
Gravity 
compared 
with water 
at f C. 

Specific Volume. 

Cublo Metre*. J Cubic Feet. 

Alcohol .... 

0,80635 

1 a 00 1 840 

1 v 

Kiher 

0.736 

j 0 001350 


Chloroform 

1.537 

1 o.ooo6t;n 


Carbon bisulphide 

l , 3 Q 22 

0 000774 


Cnrlxm iclrncltlorlde 

I .6330 

0.00613 


Aci'ton 

0,81 

1 0,00133 


Sulphur dioxide 

i.‘I 33 6 

0.0006(781 

O.OIU 

Ammonia 

0.6364 

I 0.001571 

0.0252 

Wider 

1 

o.oor 

0.01602 



Experiments were made by Ii»m* to determine me volumes 
of liquid at high temperatures compared with the volume at 
freezing-point, by a method which was essentially to use them 
for the expansive substance of a thermometer. 1 he results are 
given in the following equations: 

SPECIFIC VOLUMES OF IIOT LIQUIDS. 


Water, 

IOO° C. 10 200° C. 
(Vol. at 4° =■ unity.) 


Alcohol, 

30° C. to i6o° C. 
(Vol. at o° ■= unity.) 


Ether, 

30° C. to 130° C. 
(Vol. at o° *=• unity.) 


Carbon Bisulphide, 
30° C. to 160 0 C. 
(Vol. at o° = unity.) 


f.QSarithRtn*’ 


V -> ! 4- 0,00010867875 l 

-I- 0.0000030073653 f* 

•I- 0,000000038730423/* 

— 0. 00000000000 664 5 7 o.I 1 


6.0361445 

4.47R18G3 

H. 8335400 


10 

10 

10 

10 


v® 1 0.00073803365/ 

-I- 0.00001055335 /* 

— 0.000000003480843 r 

-b 0,00000000040413567/* 

v ™ 1 4- 0.0013480050 / 

4- 0,0000065537/* 

— 0. 000000034 400756/* 

-b 0.00000000033773062/* 


6 . 868500 * ro 

3 . 033340 a ™ 1 © 
2 . 966051 9 to 
0.606537ft — I© 

7.1300817 I® 
4.8164860 -- I© 
3.5377018 — ro 
O 53 * 537 ' — 


V 


1 4- 0.0011680559 f 
4- 0.0000016480598 /' 

— 0.000000000811 iqo 63 /' 
4- 0.00000000006004658c;/ 1 


7 . 0674636 10 
4. 3:73103 — l© 

O. tjOC)l 3 3 g — 1 « 

0 • 78404 V 4 *» 


Cnrbon Tetrachloride, 
30° C. to 160 0 C. 
(Vol. at o° <=» unity.) 


v **> 1 -b 0.0010671883 / 

+ 0.0000035651378/' 

— 0.00000001404938: /' 

+ 0.000000000085182318/* 


7 .O 3834©0 — I« 
4.5520763 — r » 
a . 174630 ' 
0.0303404 — M 


t 


Quality or Dryness Factor. — All the properties of snluraKtd 
steam, such as pressure, volume and heat of vaporization, depend 
on the temperature only, and are determinable either by direct 
experiment or by computation, and arc commonly taken fram 
tables calculated for the purpose. 

Many of the problems met in engineering deal with mixtures of 
liquid and vapor, such as water and steam. In such problems 
it is convenient to represent the proportions of water and steam 
by a variable known as the quality or the dryness factor; UlU 


* A niiales de Chhnie ct de Physique, 1867. 




i 

t 

! 


1 

i 


i 

i 



factor, Xf is defined as that portion of a pound of the mixture 
which is steam; the remnant, i — x, is consequently water. 

Specific Volume of Wet Steam. — Let the specific volume of 
the saturated vapor be .9 and that of the liquid be <r; then the 
change of volume is s — or = u on passing from the liquid to 
the vaporous slate. If a pound of a homogeneous mixture of 
water and steam is ;v part steam, then the specific volume may 
be represented by 


v » xs -I- (i 


xu + cr , 


. (toi) 


where u is the increase of volume due to vaporization. 

Internal and External Latent Heat. — The heat of vaporiza- 
tion overcomes external pressure, and changes the slate from 
liquid to vapor at constant temperature and pressure. The 
external work is 

p (s — O’) pu , 

and the corresponding amount of heat, or the external latent 
heat, is 

Ap{s — cr ^ na Apu. 

The heat required to do the disgregation work, or the internal 
latent heat, is 

p ca r — Apu (102) 

General Equation. — In order to apply the general thermo- 
dynamic method to a mixture of a liquid and its vapor, it is 
customary to write a differential equation involving the 
pernture l, the quality x, the specific heats of water and steam c 
and It, and the heat of vaporization r ; these three last properties 
arc assumed to be functions of the temperature only. 

The principal result of the application of the general method 
to such an equation is a formula for calculating the specific 
volume 5, as will appear later. Following the general method, a 
special derivation of the formula for s will be given which may 
be preferred by some readers. 

When a mixture of liquid and its vapor receives heat there is 



in general an mcrcasu m uiu iuii|ju(uua uj. *v 

vapor and in the portion i — a* of liquid, and there is a vaporizer 
lion of part of the liquid. Taking c for the specific heat of the 
liquid and h for the specific heat of the vapor, while r is the heat 
of vaporization, we shall have for an infinitesimal change, 




dQ - hxdt H- c (i — x) dl + rdx . . « . . (103) 


Application of the First Law. — The first law of thermo- 
dynamics is applied to equation (103) by combining it wilh 
equation (16), so that 


dQ = A {dE •}■ pdv) — hxdl -P c (1 — x) dl -j- rdx ; 


dE — ~ [hx + c (1 — a:)] dl -f ~ dx — pdv. 


Now v is a function of both t and x, as is evident from equation 
(101), in which u is a function of l\ consequently, 


dv = dl -t- dx . 


••• + -*)]-> A +[* 


p g] 'lx. 


But E being expressed in terms of t and # gives 


&E_PE 
U$x Sx&l’ 


solhat 8 * + ‘(‘ -*)]-# gj p ^)- 

Bearing in mind that all the functions but x and o are functions 
of t only, the differentiation gives 


L (u j, ^ v _ 1 dr dphv S 3 v 

A ( > p 8 iS x ~ aTi~ dt^- 



1 


dv 

dx 


«=» 1 /, 


and 


8 2 y 


so ihal the above equation reduces to 

— -|- c — // *= /l# (i°4) 

(U «l 

Application of the Second Law. — The second law of thermo- 
dynamics makes 

OJ (j(f) 

for a reversible process, so that the general equation (103) may 
be reduced to 

‘IQ „ Jl*±±Ll.=JL> ' ,lx. 

T T * 


But 


8 3 <f> 8 2 </> 

Sc 6" «7S‘ 

5 //.v *b c ( 1 — .v) ? Z , 

v b r 


h 


T 


r 17 ~ r 

P 


(If 1 ? 

~r -I- c — h 7,. 

ill f 


(105) 


First and Second Laws Combined. — The combination of 
equations (104) and (105) gives 

»'r 


AnT 


(It 


. . (106) 


Special Method. 


_ r _„ —'I lie preceding equation may be obtained 

by a special method making use of tho 
p diagram abed in Fig. 30 which repre- 

sents Carnot’s cycle fora mixture of ft 
V T \ liquid and its vapor, the change of 

d T ' AT 0 temperature A T being very small. Lot 

a represent the volume of one pound of 

0 jl. water at the temperature 7 \ and b the 

f, 0 . , 0< volume of 011c pound of steam nl the s«UM 

temperature and pressure. The line 
therefore represents the vaporization of one pound of water ttl 
constant temperature, involving the application of the hcml of 
vaporization r , and the increase of volume 


where s and a- arc the specific volumes of steam and water. By 
the second law of thermodynamics the efficiency of this cycle wlU 
be 

T- (T- AT) A 7* 

• ©so , 

T T ’ 

so that the heat changed into work will be 


Bui by the first law of thermodynamics this heat Is equivalent 
to the external work, which in this case is approximately equal 
to the increase of volume u multiplied by the change of pressure 
Ap; consequently, 

r±T A. 

at 5=5 wA ^> 

or, at the limit as AT approaches zero, 

r = AuT^t, 
dt 





r-i' ; : <y. 


"it 





Specific Volume and Density. — The most important result of 
the application of the methods of thermodynamics to the prop- 
erties of saturated vapor is expressed by equation (106), which 
gives a method of calculating the specific volume; thus, 

, r r , , x 

„ S = U <r ho*. . . . ( io 7 J 

AT< 1± 1 7 
dl 

The numerical value of <r for water for French units is 0.001, 
and for English units is = 0.016, nearly. The density, or 
weight of a unit of volume, is of course the reciprocal of the 
specific volume. 

It is of interest to consider the degree of accuracy that may be 
expected from this method of calculating the density of saturated 
vapor. The value of r depends on 11 and <7, the total heat and the 
heat of the liquid; the latter is now well known, but the total heat 
is probably in doubt to the extent of and may be more. The 
absolute temperature T appears to )>c better known and may be 
subject to an error of no more than rtfou or 5 ijW; and the mechan- 
ical equivalent of heat ~ is perhaps as well determined as the 
absolute temperature. The least satisfactory factor in the 
expression is the differential coefficient -jj , which is derived by 

differentiating one of the empirical equations on pages 78 and 79. 
It is true that the resulting ccfuations on pages 79 and 80 afford a 
ready means of computing values of the coefficient with great 
apparent accuracy, but some idea of the essential vagueness of 
the method may be obtained by comparing computations of the 
specific volume of saturated steam at 2i2°C., a point for which 
either equation or equation C, will give the pressure as 14.6967 
pounds per square inch. The specific volume by aid of equation 
(107), using equation By for determining the differential coefficient, 
is 26.62, while the differential coefficient from equation C, gives 
26.713 the discrepancy is about nisi or if the mean 26.66 be taken 
as the probable value, either computed value is subject lo an 
error of 


Experimental Determinations of Specific Volume. — By far the 
best direct determinations of llu* specific volume* of saturated 
steam are those reported by Knoblauch, Linde, nrul JCIebc, as 
expressed by their eharaclcrisiic equation for mi per heated steam 
given on page iio. These experiments determined the pres* 
sures for various temperatures at constant volume, anil 1 the I 
results were so treated as to give the volume at wUuralinn by 
exlerpolftlion with great certainly, The following h a com- j 

parison of specific volume determined by litem unci volumes com* j 
puted by equation (107), 


SPECIFIC VOLUMES OF SATURATED STEAM. 
11 Y Knoblauch, Untie, am! Klein 1 , 



Volume Cu. M. 


Volume l’ii. M, 


j 

Vnlawi M. | 

Temper" 

— 


Temper* 



Temper- 



attire. 

Experl- 

Com- 

a lure. 

Expert* 

Com- 

alurj. 

fe'tfwrti- 

I’ufU' I ! 


mental. 

puled. 


mental. 

jnUetl 


(iwmial 

(cuMd, ; 

loo 

1.674 

1.665 

13 ° 

0.6690 

0, fi&aj 

|<V) 


1 

i 

io 5 

1.420 

1.41a 

1 35 

0.5843 

« - 57*17 

1A5 


« jkj 1 

1 10 

1, 2ft 

1.212 

HQ 

0.50<>t 

0 . gojt 

1 70 


«. 34 U ; 

”5 

t -037 

I. 027 

MS 

0.4466 

0.4405 

n% 

0.4170 

0 US? 

120 

0.8922 

0,8836 

*50 

0.3941 

0 . 3880 

\ mi 

0 mil 

> 3.1934 


0,770 7 

O.7617 

*ss 

0.3470 

0. 3448 

, . a 

. . a 

- - -• 


Nature of the Specific Heata, — In the application of the gea* 3 
oral thermodynamic method on page 88 the term h k Intro- j 
duccd to represent the specific heat of saturated steam, ami there ) 
is some intorcst in the determination of the l rut? nature of ihk 
property, which clearly cannot be a specific heal at ennuuuu j 
pressure, nor a specific heat at constant volume, Bince both prepare j 
and volume change with the temperature. The specific heat of i 
the liquid c properly Is affected by the same consideration, but I 
as the increase of volume is small and la neglected in thermo- j 
dynamic discussions, the importance of the consideration k much ] 
less. The specific heat h of saturated vapor ia the amount of j 
heat necessary to raise the temperature of one pound of the j 
vapor one degree, under the condition that the pressure? shall i 


increase with the temperature, according to the law for saturated 
vapor. 

Equation (105) gives a ready way of calculating the specific 
heat for a vapor, for from it 


h = c 



Now r may be readily expressed as a function of i, and then 
dv 

by differentiation may be determined. For steam 
dt } 

r — II — q •= 606.5 + 0.305 t - -1- c {t — /,)], 

in which /, is the temperature at the beginning of the range, as 
given by the table on page 80, within which l may fall. There- 


fore 

dr ^ 

— •- 0.301: 
dt J 5 

- c t 

and 

h = 0.305 

r 


T 


For other vapors the equations, deduced from the empirical 
equations for q and H on pages 83 and 85, are somewhat more 
complicated, but they involve no especial difficulty. 

The following table gives the values of h for steam at several 
absolute pressures: 

SPECIFIC HF.AT OF STEAM. 

Pressures, ]bs. per sq. in., p 5 50 joo 300 30© 

Temperatures, F. . . . 162.3 280.9 327.6 381.7 417.4 

• Sjvecific heat, h — 1.30 —0,93 —0.82 —0.70 — 0.63 


The negative sign shows that heat must be abstracted from 
saturated steam when the temperature and pressure are increased, 
otherwise it will become superheated. On the other hand, 
steam, when it suddenly expands with a loss of temperature and 
pressure, suffers condensation, and the heat thus liberated sup- 
plies that required by the uncondcnsed portion. 


rum ^ vermin mis conclusion 111 

a cylinder with glass sides, whcrt*u|“»n the ilrar Mturalct] gleam 
suffered partial condensation, u* indicated by the formation of ^ 
cloud of mist. The reverse of thK experiment #lumtt| that steam 
does not condense with sudden eoinprrwduit, a^hmvn by Ca^, 

Ether hits a positive value for /*. As the theory indicates, a 
cloud is formed during sudden corn predion, but not during 
den expansion. 

The table of values of It for steam ilunw a notable decrease 
for higher temperatures, which incliratr* « |«»int of invention at 
which h is zero and above which h 1* jH*»iiivr, but the tempera* 
lure of that point cannot be determined from our ex fieri mental 
knowledge. For chloroform the* j»oint of Inversion was nilcu* 
lated by Gazin t lo be ia3°,.|8, ami determined rx|**rimrnialty by 
him to he between 125° and ik>°. The dmicjumiv i% mostly 
due to the imperfection of the apparatus u*nl, which vtilttiltuud 
finite changes of considerable magnitude for the Indefinitely 
small changes required by the theory. 

Isothermal Lines. --Since the pressure of ^aiuratcd vajwr is a 
function of the temperature only, the isothermal line of a mixture 
of a liquid and its vapor Isa line of constant prrwurc, parallel to 
the axis of volumes. Steam expanding from the boiler into the 
cylinder of an engine follows such it line; that K the stcamdfne 
of an automatic cut-off engine with ample port# Is nearly parallel 
to the atmospheric line. 

The heat required for an increase of volume at ircmnant press* 
urc is 

Q ^ r (,v 3 — .*,) {108) 

in which r is the heat required to vnporto one pound of liquid, 
and x t and x 3 arc the initial and Final qualities, so that \' t — 
is the weight of liquid vaporized. 

The external work done during an isothermal expansion Is 
W m P ( v > ~ v i) ™ pn (x t - x t ) .... ( 109 ) 


* diet in do la Soclifi huh ti# , \fnJhonM, oytuill* 
f Com pies rondus do I'Acadimh dcs Seim m t UU. 


Intrinsic Energy, — Of the heal required to raise a pound of 
any liquid from freezing- point to a given temperature and to 
completely vaporize it at that temperature, a part g is required 
to increase the temperature, another part p is required to change 
the slate or do disgrcgalion work, and a third part A pu is required 
to do the external work of vaporization. Consequently for com- 
plete vaporization we may have, 

Q « A (S -h I -1- W) = q -I- p + Apu = JL 

For partial vaporization the heat required to do the disgrega- 
lion work will be xp, and the heal required to do the external 
work will be Apxu t Therefore the heat required to raise a pound 
of a liquid from freezing-point to a given temperature and to 
vaporize a* part of it will be 

Q — q “I- xp -|- A pxtc — A (E + W ) 

where E is the increase of intrinsic energy from freezing-point. 
It is customary to consider that 

E = 1 ^ ^ ( II0 ) 

represents the intrinsic energy of one unit of weight of a mixture 
of a liquid and its vapor. 

Isoenergic or Isodynamic Lines, — If a change of a mixture 
of a liquid and its vapor lakes place at constant intrinsic energy, 
the value of /swill be the same at the initial and final conditions, 
and 

ffj — <h + “ *iPi = o .... (in) 

which equation, with the formula* 

V 2 «= X 2 u 2 -p cr; v t » X t U t -p <r , , , . (112) 

enable us to compule the initial and final volumes. If desired, 
intermediate volume corresponding lo intermediate temperature 
can be computed in the same way, and a curve can be drawn 
in the usual way with pressures and volumes for the coordinates. 

For example , if a mixture of iV steam and tV water expands 




isocncrgicaUy from 100 pound# nlwoluir t\ jkiuihi* absolute 
the final condition will be* 

% - . 0 , w . 


iUp.6 


The initial and final specific volume* nxv 

V| » .%y#, f - 0.9 (.(..jot - o.otft) 1 » w,f * - .l-'tf-IJ 

V, *■ *Vjl#a T cr «• 0.9395 (.16.! $ o.oifO » «* JJ.Jt 

The converse problem requiring die pre*»urr i«rrcH|Kinding to 
a given volume cannot be solved diretily. Tin* only method 
of solving such a problem la to niuumr a prolnhlr final prenuro 
and find tlic corresponding volume; llu*n. if nccrvuiry, luwumc 
a new final pressure larger or smaller as may Ik* required, and 
solve for the volume again; and so on until the desired degree 
of accuracy is obtained, 

This method does not give an explicit equation connecting the 
pressures and volumes, but it will be found cm trial that u curve, 
drawn by the process given above can be represented fairly well 
by an exponential equation, for which the exjKment can be 
determined by the method on page 6b. 

Having given or determined the Initial and final volumes, the 
exponential equation may be determined, and then the external 
work may be calculated by the equation 

jj i£j f fa* \ ^ "'ll 

W B5f3 | 6S3® I J | ^ | C 

j » — I ( \vj ) 

For exam phi the exponent for the equation representing the 
expansion of the above problem is 

„ „ iseuLr .!:&& „ JsilessjzJsijlJu-. , , 0 ,„, 

log - log v, log 34.54 ™ log M'M 
and the external work of expansion Is 


(3«9§lY 

\U.U / 


*•» 100,000 ft,* Ibtl* 


i 1 ' 
i-'iWi 







I Since there is no change in the intrinsic energy during an 

| isoenergie expansion, the external work is equivalent to the heat 

f applied. Thus in the example just solved the heat applied is 

f- equal to 

& 0 
•V 100,000 -r- 778 = I 2 CJ B.T.U. 

I 

I There is little occasion for the use of the method just given, 

| which is fortunate, as it is not convenient. 

jf! Entropy of the Liquid. — Suppose that a unit of weight of a 

| liquid is intimately mingled with its vapor, so that its tempera- 

! ;r lure is always the same as that of the vapor; then if the pressure 

| : of the vapor is increased the liquid will be healed, arid if the 

• vapor expands the liquid will be cooled. So far as the unit of 

l. weight of the liquid under consideration is concerned, the pro- 
sy’ cesses are reversible, for it will always be at the temperature of 

l the substance from which it receives or to which it imparts heat, 

i.c., it is always at the temperature of its vapor. 

The change of entropy of the liquid can therefore be calculated 
f by equation (37), 




f On page 83 it is suggested that the specific heat of water for 

r temperature Centigrade may be expressed as follows: 

K* ■ « 

C = I -f k 

I/: 

where k is a small corrective term that may be positive or negative 
as the case may be. Using this correction, equation (113) may 
b:' be written 





. . (114) 
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I nc lirst term cun uv 

second term, which is small, can be determined graphically, sq 
that the expression Tor entropy of water becomes 


. . 7 ' run 

V » log, ■ : •}• / k r r .... 
Jo 'U 7 


The columns of entropy of water in the tables were determined 
in this manner. 

In ithc discussion of entropy on page 31 it wn« pointed out 
that there is no natural zero of entropy corresponding lo the nbsO' 
lute zero of temperature. It is customary to treat the freezing, 
point of water as the zero of entropy both for that liquid and 
for other volatile liquids; some liquids therefore have negative 
entropies at temperatures below freezing-point of water in the 
appropriate tables of their properties. 

For a liquid like ether which has the heat of the liquid rcpro> 
seated by an empirical equation, 

q 0.52901 l + 0.0002959 / 3 , 
the specific heat is first obtained by differentiation, giving 
c *» 0.52901 + 0.0005918 /. 

Then the increase of entropy above that for the freezing-point of 
water may be obtained by aid of equation (113), which gives far 
ether with the French system of units, 

0=3 Xj j 0l 5 2 9°i + 0.0005918 (2T- 373) | 

$ ~fm (°; 367 °Y + 0,00059181//); 

**• 6 ~ o«ooo5 9 i8 (T - 273) + 0,3670 lag, JL.; 

3 73 

•’* ^0.00059,8/ + 0.3670 log, X (, 16) 

273 







For temperatures below the freeing- point of water, equation 
(116) gives negative numerical results. 

Other liquids for which equations for the heat of the liquid 
arc given on page 83, may be treated in a similar method. 

Entropy due to Vaporization. — When a unit of weight of a 
liquid is vaporized r thermal units, equal to the heat of vaporiza- 
tion, must be applied at constant temperature. Treating such 
a vaporization as a reversible process, the change of entropy may 
be calculated by the equation 


0 ~ 0o 


r 

T 


This property is given in the “ Tables for Saturated Steam,” 
but not in general for oilier liquids. 

Entropy of a Mixture of a Liquid and its Vapor. *— The increase 
in entropy due to healing a unit of weight of a liquid from freez- 
ing- point to the temperature t and then vaporizing % portion of 
it is 

xr 
T 1 


e 


where 0 is the entropy of the liquid, r is the heat of vaporization, 

Y 

and T is the absolute temperature. For steam may be taken 

from the tallies; for other vapors it must usually be calculated. 

For any other state determined by », and q we shall have, for 
the increase of entropy above that of liquid at freezing-point, 


x.r. 


r. 


+ *.. 


The change of entropy in passing from one stale to another 


is 


0 - 0 ! 


xr 

~T 


-H j 
T t 




(117) 


When the condition of the mixture of a liquid and its vapor 
Is given by the pressure and value of x, then a table giving the 
properties at each pound may be conveniently used for this work. 



■J\ ' • o 

When the Initial stale, determined by x, and >, ->r />„ U known 
and the final temperature /„ or the final |Wj" ure , ?■; ,hc 
value *, may be found by equation (.«»>- » »* «*» *•« 

volumes may be calculated by the eqimtu»n*» 

Vi .Vjtt* 1 and v * V » M « ■ * • * • ( u 9) 

Tables of the properties of saturated v«j«w nmmumly give the 
specific volume s, but 

5 -- u I ff. 

The value of <r for water is o.otb, and b*r “ilur Iu|uUIh will be 

found on page 85. , , , , 

For example, one pound of dry steam ui iw t«miruh absolute 

pressure will have the values 

/i *» 327 0 /) 1'., Y\ ** 884.0, 0 X ^ 0.47, t.l« •'» M4 >• 

If the final pressure is 15 pounds absolute, we have 
1 3 2I3°.o l' ., r 2 **» g65.i1 o.ji 

whence 

^-1-9 A* O <17 P ,!51 ^ 0. it 4.11 

788.3 673.7 

,v a -* o.8g.|. 

The initial and final volumes are 

tq »» 5j «» 4*4° 

v* -•**< JCjMj +• e 33.4. 

Problems in which the initial condition and the final tent 1 
pcralurc or pressure arc given may be solved directly by aid °l 
the preceding equations. Those giving the final volume Instead 


mat ions. An equation to an adiabatic curve in terms of p and v 
cannot be given, but such a curve for any particular ease may 
be constructed point by point. 

Clausius and Rankine independently and at about the same 
time deduced equations identical with equations (117) and 
(118), but by methods each of which differed from that given 
here. 

Rankine culled the function 


the thermodynamic function ; Clausius called it entropy. 

Tn the discussion of the specific heal h of a saturated vapor, it 
appeared that the expansion of dry saturated steam in a non- 
conducting cylinder would be accompanied by partial conden- 
sation. The same fact may be brought out more clearly by the 
above problem. 

On the other hand, h is positive for ether, and partial conden- 
sation lakes place during compression in a non-conducting 
cylinder. 

For example, let the initial condition for ether be 

/, ** .10° C r, » 93.12, 0 « 0.0191, x, =* 1, 


and let the final conditions be 

120 0 C., r a 72.26, 0 3 0.2045; 

. 03. 12 , 72.26.v~ 

then -“r— T 0.0191 » ( — — 4 "I- 0.2045, 

* 283 393 


and 


,v a » 0.724. 


Equation (it8) applies to all possible mixtures of a liquid and 
its vapor, including the ease of 503 o or the case of liquid with- 
out vapor, but at the pressure corresponding to the temperature 
according to the law of saturated vapor. When applied to hot 
water, this equation shows that an expansion in a non-conduct- 
ing cylinder is accompanied by a partial vaporization. 
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There is some initial suite of tlu* mixture such that the v&hio 
of x shall be the same at the beginning and ut the end, though (l 
may vary at intermediate slates. To find that value make Jpj m 
Xt in equation (118) and solve for .v„ which gives j 

v ... Ji J’>.. i 

A . .. A 

I 

The value of x, for steam to fulfil the condition* given varies j 
with the initial and final temperatures chosen, hill in any cw it j 
will not be much dilTerem from one half. It may therefore fee j 
generally staled that a mixture of steam and water, wh$lt j 
expanded in a non-conducting cylinder, will show partial asm* 
densation if more than half is steam, and partial evaporation If 
more than half water, if the mixture is nearly half water ttntl 
half steam, the change must he investigated to determine wheihir 
evaporation or condensation will occur; hut in any case the 
action will be small. 

External Work during Adiabatic Expanolon. — Since no h^U 
is transmitted during an adiabatic expansion, all of the irilrimw 
energy lost is changed into external work, so that, by ettMlki 
(no), 

W M E i ~~ « j* (<l\ - <7s I' .v,P, ~ . * (ad).- 

For example, the external work of one* pound of dry atcun to 
expanding adiabatically from too pounds to 15 pounds? sbsdtats 
is 

• W “ 778 (397.9 ™ 181.8 + i X Hoa.8 -• 0.89.1 X 
W « 120.2 X 778 «• 93,500 foot-pounds. 

Attention should be called to the unavoidable defect of (Jtfe 
method of calculation of external work during adiabatic tsipaii* 
sion, in that it depends on taking the difference of quundfit* 
which arc of the same order of magnitude. Far example, tbs 
above calculation appears to give four places of significant figurat 
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while, as a mailer of fuel, the total heal II from which p is derived 

is affected by a probable error of — or perhaps more. Both 
the quantities 5 00 

-I- *,/>, and q 2 -I- x 3 p 2 

have a numerical value somewhere near 1000, and an error of 
is ncftrly equivalent to two thermal units, so that the probable 

error of the above calculation is nearly two per cent. For a 
wider range of temperature the error is less, and for a narrower 
range it is of course larger. This matter should be borne in 
mind in considering the use of approximate methods of calcula- 
tions; for example, the temperature-entropy diagram to be dis- 
cussed later. 

The adiabatic curve cannot be well represented by nn expo, 
nenlial equation; for if an exponent be determined for such a 
curve passing through points representing the initial and final 
stales, it will be found that the exponent will vary widely with 
different ranges of pressure, and still more with different initial 
values of .v; and that, further, the intermediate points will not be 
well represented by such nn exponential curve even though it 
passes through the initial and final points. 

This fact was first pointed out by Zeuner, who found that the 
most important element in determining n was the initial con- 
dition of the mixture. He gives the following empirical formula 
for determining », which gives a fair approximation for ordinary 
ranges of temperature: 

it w* 1,035 ‘I* O.IOOtfp 

There does not appear to be any good reason for using an 
exponential equation in this connection, for all problems can be 
solved by the method given, and the action of a lagged steam- 
engine cylinder is far from being adiabatic. An adiabatic line 
drawn on an indicator-diagram is instructive, since it shows 
to the eye the difference between the expansion in an actual 
engine and that of an ideal non-conducting cylinder; but it can 



be mtcmgenuy iuuwn umj 
general purposes the hyperbola is the Insi curve f*»r comparison 
with the expansion curve of un indicator diagram, for the reason 
that it is the conventional curve, and if* m 'ar enough to the curve 
of the diagrams from good engines U* allow n prac tical engineer 
to guess at the probable behavior of «n engine, from the diagram 
alone. It cannot in any sense be considered as the theoretical 

curve. 

Temperature-Entropy Diagram. — * If the entropies of the 
liquid and the entropies of vaporization for steam are plotted with 
temperature for ordinates we get a diagram like ^oa; very com* 

nu»nly alxHolute temperatures 
mm j 1 1 /I IM art* taken in drawing the (lift. 

TJlfl rrrr gram in order to emphasize 

i«)w /III \\\\ tlif rfllc played by absolute - 

III [ \ \ \\ tcmperaiurr* in the elder** 

mm / / 11 l \ \ ininaticm of the efficiency of 

III \ \ \\\ Carnot 'a cycle. It would scorn 

/ / / \ \ \ \ W better to take the temperature 

J 0 [\ L Of. oi it, it m o.i bv the centigrade or the Fnh* 

K ‘ i0 4 ren licit thermometer, as they 

are the ImsU of Hienm-Uiblw, 
and the temperature-entropy diagram b the equivalent of such a 
table. 

Now the entropy of a mixture containing x jmrl steam is 

0 + x ■£; 

so that the entropy of a mixture containing x fwtri of steam can 
be determined by dividing the line such as (h (which represents 
the entropy of vaporization) in the proper ratio. 


It is convenient to divide the several lines like ob and th Into 
tenths and hundredths, and then, if an adiabatic expansion \% 


represented by a vertical line like be, the entropy at c may be 
determined by inspection of the diagram. Conversely , by noting 
the temperature at which a given line of constant entropy crosses 
a line of given quality we may determine the temperature to 
which it is necessary to expand to attain that quality, a determina- 
tion which cannot be made directly by the equation. 

When a tempera lure- entropy diagram is used as a substitute 
fora “Table of the Properties of Saturated Steam,” it is custom- 
ary to draw the lines of constant quality or dryness factor, and 
other lines like constant volume lines and lines of constant heat 
contents or values of the expression 

at -I* q> 

the use of which will appear in the discussion of steam-engines 
and steam-turbines. 

To get ft series of constant volume lines we may compute the 
volume for each quality x t ** .i„ .v a .2,# » .3, etc., by the 
equation 

V ** XU 'j- <r, 

and since the volume increases proportionally to the increase In 
a 4 , we may readily determine the points on that line for which 
the volume shall be whole units, such as 2 cubic feet, 3 cubic feet, 
etc. Points for which the volumes are equal may now be con- 
nected by fair curves, so that for any temperature and entropy the 
volume may readily be estimated. 

Curves of equal heal contents can be constructed in a similar 
way. 

If desired, a curve of temperatures and pressures can be drawn 
so that many problems can be solved approximately by aid of the 
compound diagram. 

At the back of this book a temperature-entropy diagram will 
be found which gives the properties of saturated and superheated 
steam. It is provided with a scale of temperatures at either 
side, and a scale of entropies at the bottom, while there is a scale 
of pressure at the right. 
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To solve ft problem like that on page ioo, U\, lo find the quality 
after an acliabaiic expansion from ioo pounds absolute to t$ 
pounds absolute, and the specific volume* at tlu* initial and final 
states, proceed as follows: 

From the curve of temperatures and pressures, select the tom. 
peraturc line which corresponds to t oo pounds nncl note where it 
cuts the saturation curve, because it is assumed Unit the steam is 
initially dry. The diagram gives the entropy as approximately; 
1.61. Note the temperature line which cuts the temperature* 
pressure curve at 15 pounds, ancl estimate the value of x from Id 
intersection with the entropy line 1,61 ; by this method the valutf 
of x is found to be about 0.89. In like manner the volume may 
be estimated lo be about 23.4 cubic feel. 

Temperature-Entropy Table. ■— Now that the computation of 
isoentropic changes has ceased to lie the diversion of atudend 
of theoretical investigations and has become the necessity of 
engineers who arc engaged in such rrm Iters as the design of 
steam-turbines, the somewhat inconvenient methods which wore 
incapable of inverse solutions, have become somewhat burden* 
some. A remedy 1 ms been sought in the use of temperature* 
entropy diagrams just described. Such ft diagram to be really 
useful in practice must be drawn on so large a genie m la be very 
inconvenient, and even then is liable to lack accuracy. To moat 
this condition of affairs a temperature-entropy table lues been com* 
puted and added to the "Tables of the Properties of Saturated 
Steam.” In this table each degree Fahrenheit from 1 So® to 430® 
is entered together with the corresponding pressure. There 
have been computed and entered in the proper columns the 
following quantities, namely, quality x , //cat contents jer I- q } arid 
specific volume v } for each hundredth of a unit of entropy. 

In the use of this table it is recommended to take the nearest 
degree of temperature corresponding to the absolute pressure 
“ prcss , urcs ftre given. Following the line across the table select 
tmt column of entropy which corresponds most nearly with iho 
initial condition; the corresponding Initial volume may be read 
< ircctly. Follow down the entropy column lo the lower temper. 
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alurc and then find the value of a* and the specific volume. The 
external work for adiabatic expansion may now readily be found 
* by aid of equation (120), page 102. As will appear Inter, the 
problems that arise in practice usually require the heal contents 
and not the intrinsic energy, so that properly 1ms been chosen 
in making up the table. 

For example, the nearest temperature to 100 pounds per square 
inch is 328° F.; the entropy column 1.59 gives for x, 0.995, which 
indicates half of one per cent of moisture in the steam. The corre- 
sponding volume is <1.39 cubic feet. The nearest temperature to 
15 pounds absolute is 213 0 F., and at 1.59 entropy the quality 
is 0.888 and the specific volume corresponding is 23.2 cubic 
feet. 

Jf greater accuracy is desired we must resort to interpolation. 
Usually it will be sufficient to interpolate between the lines for 
temperature in a given column of entropy, because the quantity 
that must be determined accurately is usually the difference 

Wi + ft ” ( x Si + h) 

and this difference for two given temperatures q and q is very 
nearly the same if taken out of two adjacent entropy columns. 
A similar result will be found for the difference 

X \P\ "I* ' (XjPi *H ( h )> 

if computed for values of a* found in adjacent columns. 

Another way of looking at this matter is that one hundredth 
of a unit of entropy at 330 pounds corresponds to one per cent 
of moisture. 

Evidently this table can be used to solve problems in which 
the final volumes arc given, or, as will appear later, to determine 
intermediate pressures for steam-turbines. 
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EXAMPLES. 

/ i, Wilier ill itx>° l’\ fa fat in n killer in which the prc^mir 
lao pounds nlwtoluie \wr square inch, i l«w much beat nug. 
i>c supplied lo evaporate each jiouml ? An*. 1 1 18 &T,v, 

'S a. One pound wet steam at 150 pmmd * aU^dute occupy 
cubic feet. What per rent of moisture fa j»re*rnt? Wbatfe^ 
“quality" of the steam? Arts. 17.1 jrr trill *4 moisture # m 
.8aq. 

! 3, A |K»urul of steam ami water at 1 v* jwmmfa pratxuiv b 
©.6 steam, What Is the increase of entropy above that of wal^gi 
32° K. ? A ns, 1,1 .}•}< 

. .}. A kilogram of t hlorofnrm at ioo** (\ fa &.% vapor, Whsttb 
the increase of entropy nfaive that of the InjMfed at o'* C, ? Aa& 
o.tqsg. 

1 $, The initial condition of a mixture «4 wairr and mam h 
/ 3 30° l\, v - o.H. What fa the limit <, <u»diJfa*« after adkklfc 

exjamslon to 31 j" 1 *. ? Arts. 0,7. j, 

i 6. The i n it fa l conrl it inn «f a m } x 1 tire of *1 m m and m l erk f«* 
3000 mm., x <*» o.u. Kind t hr condition after an adfahaifcfef |M% 
a ion to boa mm, Ana. e*,M. 

7. A cubic foot of » mixture of water anxt ^Secm, x «» o|,jt 

untier the pressure of 60 |nn.tmfa by the Kind lut valatss 

after It expand* adinfaatically till the {irev-Hire fa reducod ftjr# 
pounds by the gauge; also the external work id rxjmnAiU Atti 
3.68 cubic feet and t^8o foot jtnufufa. -< iV 

8 . Three pounds of a mixture of at ram »«nd mlt-f U M 

pound* absolute (ttrwitrc occupy ,14 rwfafe 1 fmt* Em Wii 
heat must be added to double the volume ^ a She Mune ptiMMfc 
and what fa the change of imrirvdr energy ? Ann. rott$ MSM 
750,400 foot pounds. h** * 

0* Ffwl tbe Intrinsic energy, hail mntenu and wl»H««fif 
5 |Ktuncls of n mixture of water and *tram which fa Sa psr$8t 
steam, the pressure bring i$o pound* nl»> 4 ttlr. Alii, 

cncr ffl r » 3,7 jo,£W3o; heat content*, 5095 n.r.t-*.; rolurne, tueallf 
feel, 
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10, Three pounds of water are heated from 6o° F. and e vapor- < 
ated under 135.3 pounds gauge pressure. Find the heal added, 
and the changes in volume, and intrinsic energy. Ans. Heat 
added, 3490 b.t.u.; increase in volume, 8.99 cubic feet; intrinsic 
energy, 2,520,000. •/ 

^ it. A pound of steam at 337°.7'F. and 100 pounds gauge 
J . r pressure occupies 3 cubic feet. Find its intrinsic energy and its 
entropy above 32 0 F. Ans, Intrinsic energy, 718,000; entropy, 
i-33 6 * 

12, Two pipes deliver water into a third. One supplies 300 
gallons per minute at 70° F.; the other, 90 gallons per minute at 
200° F. What is the temperature of the water after the two 
streams unite ? Ans. ioo° F. 

13. A test of an engine with the cut-ofl at 0.106 of the stroke, 

and the release at 0,98 of the stroke, ancl with 4.5 per cent clear- 
ance, gave for the pressure at cut-off 62,2 pounds by the indicator, 
and at release 6.2 pounds; the mixture in the cylinder at cut-off 
was 0,465 steam, and at release 0.921 steam. Find (1) condition 
of the mixture in the cylinder at release on the assumption of 
adiabatic expansion to release; (2) condition of mixture on the 
assumption of hyperbolic expansion, or that pv *=> (3) the 

exponent of an exponential curve passing through points of cut- 
off and release; (4) exponent of a curve passing through the initial 
and Anal points on the assumption of adiabatic expansion; (5) 
the piston displacement was 0,7 cubic feel, find the external work 
under exponential curve passing through the points of cut-ofT and 
release; also under the adiabatic curve. Ans. (1) 0.4725 (2) 
0,5245 (3) n « 0.6802; (4) n - 1.0589; (5) 3093 and 2120 foot- 
pounds. 
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A drv and saturated vapor, not in contact with tho Kc\uM 
from which it is formed, may be healed to a tcmpcrnluro greater 
than that corresponding to the given pressure for the fi&me 
vapor when saturated; such a vapor is said to be superheated, 
When far removed from the temperature of saturation, such A 
vapor follows the laws of perfect gases very nearly, but near the 
temperature of saturation the departure from those laws is too. 
great to allow of calculations by them for engineering purposes, 
All the characteristic equations that have been proposed, 
have been derived from ihc equation 

pv *** It 'I'f 

which is very nearly true for the so-called perfect gases at mod* 
crate temperatures and pressures; it is, however, well known 
that the equation does not give satisfactory results ftl very high 
pressures or very low temperatures. To adapt this equation to 
represent superheated steam, a corrective term is added to lh& 
right-hand side, which may most conveniently be assumed 10 
be a function of the temperature and pressure, so that cakulii* 
tions by it may be made to join on to those for saturated fitCftlfU. 

The most satisfactory characteristic equation of this sort fe- 
that given by Knoblauch,* Linde, and Klcbc, 

pv - BT ~ p (i -H ap) [ C . . (m) 

in it the pressure is in kilograms per square metro, v la in 
cubic metres, and T is the absolute temperature by Ihn 

* Mitteilungen itber J'orsch uu^snrhcilen, eic., Heft si> S. 33, l<305« 
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centigrade tlicrmomclcr. The constants have the following 
values: 

B = 47.10, a 8=5 0.000002, C 0.031, D ~ 0.0052. 

In the English system of units, the pressures being in pounds 
per square fool, the volumes in cubic feel per pound, and the 
temperatures on the Fahrenheit scale, we have 

ft— 85.85 T~j>(i -1-0,00000976 p) _ 0.0833^ (122) 

The following equation may be used with the pressure in 
pounds per square inch : 

pv**o.$g62 T—p (1 +0,0014 //) __ 0.0833^ . (123) 

The labor of calculation is principally in reducing the cor- 
rective term, and especially in the computation of the factor 
containing the temperature. A table on page 112 gives values 
of this factor for each five degrees from ioo° to 6oo°l\; the 
maximum error in the calculation of volume by aid of the table 
is about o.<j of one per cent at 336 pounds pressure and 428° F.j 
that is at the upper limit of our table for saturated steam. At 
150 pounds and 358° 1\, which is about the middle range 
of our table for saturated steam, the error is not more than 0.2 
of one per cent, which is not greater limn the probable error of 
the equation itself under those conditions. At lower pressures 
and at higher temperatures the error tends to diminish. 

The following simple equation is proposed by Tumlirz* 

f,v - BT - Cp (124) 

where p is the pressure in kilograms per square metre, v the 
specific volume in cubic metres, and T the absolute temperature 
centigrade, The constants have the values 

B »» 47 < ’to C 0.016, 

based on the experiments of Knoblauch, Linde, and Klcbe. 

* Math, Nofttnu. Kl, Wieu., 1895 , 1 In S. 1058. 



1X2 


SUPKRilKATBU VAPORS 


In the English system with the pressure in pounds per square 
foot nnd the volumes in cubic feel, for absolute temperatures 
Fahrenheit, 

pv - 85.85 T - 0.35ft P ( 135 ) 

This equation has a maximum error of 0.8 of one per cent as 
compared with equation (121). 


TAIU.K r. 

Values of llic fnclnr 1 — — 0.0833. 
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Valua 

Tamp oral ura, 

V&lue 

TemparAtura. 

Value 

Tim, lift. 

V*ls« 

Ffthr. 

Ab», 

Factor. 

F«»>r. 

Abt. 

FftcUir* 

F#hr. 

A I*. 

Factor. 

r«tir. 

Aba. 

Ymm-, 














300 

659 . s 

0.441 

300 

750.5 

0.360 

400 

859.5 

0.153 

500 

030.5 

o,e% 

305 

664.5 

0.439 

3 ° 5 

764.5 

0-353 

•I05 

8ft.| . 5 

0 . 140 

505 

06.1.5 


310 

669.5 

0.417 

3 to 

769.5 

0.347 

4 to 

869.5 

o.i. IS 

5 *° 

Oty-S 


«'S 

67*1.5 

0.405 

3*5 

77 * 1.5 

0.340 

415 

874.5 

0. 141 

5'5 

07 *|. s 


330 

679.5 

0-395 

330 

779.5 

0.3.14 

420 

8p*S 

0. 158 

520 

op. 5 


335 

684 . 5 

0-385 

335 

784 ■ 5 

0.328 

435 

884 . 5 

o. IJ4 

535 

Oa-t-S 


330 

689.5 

0-375 

330 

789.5 

0.332 

430 

889 . 5 

0. 131 

530 

98 <).§ 


a .15 

69*1.5 

0-365 

335 

794-5 

0 . 3 16 

435 

894.5 

0.127 

535 

004 .S 


3.|0 

699.5 

0.356 

340 

799-5 

0.31 I 

440 

899.5 

0. 1 35 

540 

099-5 


a *»5 

7 o*l .5 

0.347 

315 

804.5 

0.305 

445 

ijoi . 5 

0.130 

545 

1004.5 


350 

709-5 

0.338 

350 

809.5 

0. 300 

450 

9«9 . 5 

a. 1 * 7 

550 

ic« 9.5 


35s 

7 M .5 

0 . 33 Q 

355 

814.5 

0 .t 95 

455 

9 * 4-5 

0. 1 1 1 

5 55 

1014.5 


360 

7 * 9-5 

0.330 

360 

819.5 

0. 190 

460 

9 to. 5 

0. no 

560 

1019.5 

o.eiaf 

365 

73 * 1-5 

0.313 

365 

834.5 

o.[8 S 

465 

924.5 

0. 107 

S 6.5 

1034.5 

».*Sf 

370 

739.5 

O.301 

370 

R29.5 

0. 180 

470 

039.5 

0. 104 

570 

1029,5 


T 

734.5 

°. 3 o 6 

375 

834.5 

0.175 

475 

Oil.? 

0. tot 

575 

1034. S 


300 

739 . S 

0.388 

3 «o 

« 39-5 

0. 1 7 1 

480 

039.5 

0.008 

580 

1039* s 


S8S 

7 * 1 * 1 -5 

0.381 

385 

844.5 

0. 106 

485 

044-5 

a -095 

SflS 

1044,5 

O.t^f 

3 f )0 

749-5 

0.374 

390 

849,5 

0. 16a 

>m 

9495 

0.092 

590 

*049,5 


395 

754.5 

0. 367 

395 

854.5 

0.158 

495 

054 ■ 5 

0.090 

595 

IOS 4 5 



Specific Heat, — Two Investigations have been made of tfaa \ 
specific heat of superheated steam at constant pressure, Iiy I 
Professor Knoblauch* and T)r. Jakob nnd the other by Fra. j 
lessor Thomas and Mr. Short; f the results of the latter’s inr» ! 
ligation have been communicated ‘for use in this book to ) 
anticipation of the publication of the completed report. j 

* AHUoUungcn liber Ponehuugtarbellen, Ifcft 36. p, jocj. 
t Tlicala hy Mr. Short, Cornell University j 
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Professor Knoblauch's report gives the results of the inves- 
tigations made under his direction in the form of a table giving 
specific heats at various temperatures and pressures and in a 
diagram, which can be found in the original memoir, and he 
also gives a table of mean specific heats from the temperature of 
saturation to various temperatures at several pressures. This 
latter table is given here in both the metric system and in the 
English system of units. 

SPECIFIC I IK AT OF SUPERHEATED STEAM. 

Knoblauch and Jakob 



The construction of this table is readily understood from the 
following example: — Required the heat needed to superheat a 
kilogram of steam at 4 kilograms per square centimetre from 
saturation to 300° C. The saturation temperature (to the nearest 
degree) is 143 0 C,; so that the steam at 300° is superheated 157°, 
and for this is required the heal 

157 X 0.493 can 77.2 calorics. 

The experiments of Professor Knoblauch were made at 2, 4, 
6, and 8 kilograms per square centimetre; the remainder of the 
tabic was obtained from the diagram which was extended by aid 
of cross-curves to the extent indicated. Within the limits of 
the experimental work the table may be used with confidence. 
Exterpointed results are probably less reliable than those 
obtained directly by Professor Thomas. 
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The following table gives the mean specific heat of super- 
heated steam as measured on a facsimile of Professor Thomas’s 
original diagram without cxlcrpolation. 


SPECIFIC HEAT OF SUPERHEATED STEAM 


Thomas and Short, 




l’rcoiure I.bi 

per Sr), In. (Absolute.) 


Superlisai Falur. 

6 

18 

SO 

00 

100 

300 

400 

20° 

0.536 

0.547 


O.571 

0.503 

o.6a i 

0. 649 

S°° 

0.522 

0.533 

0.543 

0-5SS 

0.575 

0. Goo 

O. 621 

100° 

0. 503 

0.512 

0.534 

o*S37 

0-557 

0.58c 

o-599 

150° 

0.486 

O.406 

0.508 

0.52a 

0.544 

0.567 

0. 585 

200° 

0.471 

0.480 

0.404 

0.500 

o-533 

0 -556 


250 0 

0.456 

0. 466 

0.481 

0.406 

0.533 

0.546 

0.564 

300° 

0.442 

0.453 

0.468 

0.484 

0.511 

o-537 



Here again the arrangement of the table can be made evident 
by an example: — Required the heat needed to superheat steam 
100 degrees at 200 pounds per square inch absolute. The mean 
specific heat from saturation is 0,581, so that the heat required " 
is 58.1 thermal units. 

Total Heat. — In the solution of problems that arise in engi- 
neering it is convenient to use the total amount of heat required 
to raise one pound of water from freezing-point to the tempera- 
ture of saturated steam at the given pressure and to vaporize 
it and to superheat it at that pressure to the given temperature. 
This total heat may be represented by the expression 

« tf + t + Cp (t — /,) • 

where t is the superheated temperature of the superheated 
steam, ( t is the temperature of saturated steam at the given 
pressure p , and q and r arc the corresponding heat of the liquid 
and heat of vaporization. The mean specific heat c 3 , may 
usually be selected from one of the given tables without inter- 
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polation, as a small variation docs not have a very large 
effect. 

The total heat or heat contents of superheated steam in the 
temperature-entropy table were obtained by the following 
method. From Professor Thomas’s diagram giving mean 
specific heats, curves of specific heats at various temperatures 
and at a given pressure were obtained, and the curves thus 
obtained were faired after a comparison with curves constructed 
with Professor Knoblauch’s specific heats at those temperatures. 
These curves were then integrated graphically and the results 
checked by comparison with his mean specific heats. 

Entropy. — By the entropy of superheated steam is meant 
the increase of entropy due to heating water from freezing-point 
to the temperature of saturated steam at the given pressure, to 
the vaporization and to the superheating at that pressure. This 
operation may be represented as follows: 


0 + -~r + 

8 


r T cpdi 

Jt. t 


in which T is the absolute temperature of the superheated steam, 
and T t is the temperature of the saturated steam at the given 

pressure; 0 and — may be taken from the “ Tables of Saturated 

5 

Steam.” The last term was obtained for the temperature- 
entropy table by graphical integration of curves plotted 

with values of derived from the curves of specific heats at 

various temperatures just described under the previous section. 

If the temperature-entropy table is not at hand, the last term 
of the above expression may be obtained approximately by divid- 
ing the heat of superheating, by the mean absolute temperature 
of superheating. 

This may be expressed as follows: 

<» ( / - ‘f t ) 

i (l + O + 459-5 
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where t is the temperature o£ the superheated steam, t, is the 
temperature of saturated steam at the given pressure, nnd c p is 
the mean specific heat of superheated steam. 

If this method is considered to be too crude, Die computation 
can be broken into two or more parts. Thus if l { is an inter- 
mediate temperature, Die increase of entropy due to superheat- 
ing may be computed as follows: 

— c / i l \ ~./j) — I h'l. {L^zJAjz. c » (*i " f f) 

i (ii + t,) + <159*5 J (* + A) + 459*5 

where c p 1 is the mean specific heat between i t and t v and c v " is 
the specific heat between /, and I. This method may evidently 
be extended to lake in two intermediate temperatures and give 
three terms. 

Adiabatic Expansion. — The treatment of superheated steam 
in this chapter resembles Dial for saturated steam in that it does 
not yield an explicit equation for the adiabatic line. If the 
steam were strongly superheated during the whole operation it 
is probable that the adiabatic line would be well represented 
by an exponential equation, and for such case a mean value of 
the exponent could be determined that would suffice for engi- 
neering work. But even with strongly superheated steam at 
the initial condition the final condition is likely to show moisture 
in the steam after adiabatic expansion, or, for that mailer, after 
expansion of the steam in the cylinder of an engine or in a steam- 
turbine. 

Problems involving adiabatic expansion of steam which is 
initially superheated can be solved by an extension of the method • 
for saturated steam, and this method applies with equal facility 
to problems in which Die steam becomes moist during the expan- 
sion. The most ready method of solution is by aid of the tempera- 
ture-entropy table, which may be entered at the proper pressure 
(or the corresponding temperature of saturated steam) and the 
proper superheated temperature, it being in practice sufficient to 
take the line for the nearest tabular pressure and the column * 


k 


1 

! 
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, owing the nearest degree of superheating. Following down 
ic column for entropy to the final pressure, the properties for 
ic final condition will be* found; these will be (he heat cou- 
nts, specific volume, and either the temperature of superheated 
cam or the quality .v, depending on whether the steam remains 
ipcrhcalcd during the expansion or becomes moist. 

If the external work of adiabatic expansion of steam initially 
ipcrhcalcd is desired, it can he had by taking the difference of 
e intrinsic energies. The heal equivalent of intrinsic energy 
moist steam is 

xp *|- q « x (r — A pH) I* q »•> xr }• q — A pxtt, 

id of this expression the quantity xr T q may he taken from 
c temperature-entropy table, and the quantity A p.v a ran 
i determined by aid of the. steam table, hi like manner the 
at contents of superheated steam 


lich is computed and set down in the temperature-entropy 
blc may be made to yield the heal equivalent of the intrinsic 
ergy by subtracting the heat equivalent of the external work 
vaporizing and superheating the steam 

Ap (v «•), 

icrc v is the .specific volume of the superheated steam. This 
ithod is subject to some criticism, especially when (hu steam 
not highly superheated, because some heat will he required 

do the disgregation work of superheating. Fortunately the r 

mter part of problems arising in engineering involve the heal J-y- 
ruents, so that this question is avoided. T '/' 1 

Properties of Sulphur Dloxldo. - One of the most interesting"'' ‘ 
d important applications of (he theory of superheated vapors 
found in the approximate calculation of propertied of certain 
alile liquids which ore used in refrlgerating macitincH, unci for 
ich wc have not sufficient experimental data to construct tallies 
the manner explained in the chapter on saturated vapors. 
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For example, Regnauit made cx])erimcnls on the pressures 
of saturated sulphur dioxide and ammonia, but did not de- 
termine the heat of the liquid nor the total heal, lie did, 
however, determine some of the properties of these substances 
in the gaseous or superheated condition, from which it is pos- 
sible to! construct the characteristic equations for the super- 
heated vapors. These equations can then be used to make 
approximate calculations of the saturated vapors, for such equa- 
tions arc assumed to be applicable clown to the saturated con- 
dition. Of course such calculations arc subject to a considerable 
unknown error, since the experimental data are barely sufficient 
to establish the equations for the superheated vapors. 

The specific heat of gaseous sulphur dioxide is given by 
Regnauit * as 0.15438, and the coefficient of dilatation as 
0.0039028. The theoretical specific gravity compared with air, 
calculated from the chemical composition, is given by Landoll 
and Eornslcin f as 2.21295. Gindin { gives the following 
experimental determinations: by Thomson, 2.222; by Berzelius, 
2.247. The figure 2.23 will be assumed in this work, which 
gives for the specific volume at freezing-point and at atmospheric 
pressure 




^ o cubic metres. 

2.23 


The corresponding pressure and temperature are 10,333 Mid 
273 0 C. 

At this stage it is necessary to assign a probable form for tho 
characteristic equation, and for that purpose the form 

t>v BT — Cp a ...... (125) 

proposed by Zcuncr has commonly been used, and it is con- 
venient to admit that it may take the form 

pv to aT — Cp“ (126) 


* M (tmoircs <Ic I'lustilut do France, tome xxi, xxv|, 
t Physlkalischo-cUcmischo Tabollon. 

| Wull'a irunstniton, p, 280. 
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The value of the arbitrary constant a may be determined 
from the coefficient of dilatation as follows. The coefficient 
of dilatation is the ratio of the increase of volume at constant 
pressure, for one degree increase of temperature, to the original 
volume; so that the preceding equation applied at o° C. and at 
i° C. gives r 

p>v< = ^a 1 \-CpS\ 

v x — v Q _ c v a 
v 0 A p Q v 0 

The value of a obtained by substituting known values in the 
above equation is 0.212. Now as a appears in both the first and 
the last terms of the right-hand side of equation (126), a con- 
siderable change in a has but little effect on the compulations 
by aid of that equation. As will appear later an assumption 
of a value 0.22 for a will make equation (126} agree well with 
certain experiments on the compressibility of sulphur dioxide, 
and it will consequently be chosen. If now we reverse the process 
by which a was calculated from the coefficient of dilatation, 
the latter constant will appear to have a computed value of 
0.004, which is but little different from the experimental value. 

To compute C we have 

0.15438 X 426.9 X 0.22 = 14.5, 
and the coefficient of p a is 

J 4.5 X m - 19333 X 0.347 . _ 4 g ncarly . 
io 333 

so that the equation becomes 

pv ~ 14.5 T - 48 p 0,22 (127) 

Rcgnault found for the pressures 

Pi ~ 697.83 mm. of mercury, 
p 2 — 1341.58 mm. of mercury, 
and at 7°.7 C. the ratio 

— i =2 t. 02088. 
p 2 v , 


.120 
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Reducing the given pressures lo kilograms on the square 
metre, and the temperature lo the absolute scale, and applying 
to equation (127), we obtain 1.016 instead of the experimental 
value for the above ratio. 

Rcgnaull gives for the pressure of saturated sulphur dioxide 
in mm. of mercury, the equation 

log p w* a • — lm n — cp n \ 
a » 5,6663790; 
log/; « 0.4793435; 
logc *» 9.1659562 — 10J 
log a 9.9972989 — 10; 
log p ** 9. 98739002 — 10; 
n t *H 28° C, 

Applying equation (95), page 76, to this ease, 


I up 
/> (11 

A<x H + 71 / 9 "; 

log n: » 

9.9973989; 

log /3 « 

9.98729003; 

log A M 

8.6353146} 

log 73 ■»» 

7 . 9945332 ; 

)l CM 

l *1* 28° C. 


The specific volume of saturated sulphur dioxide may be 
calculated by Inserting in equation (127) for the superheated 
vapor the pressures calculated by aid of the above equation. 
The results at several temperatures arc ns follows; 

l - 30° C. 0 + 30° C. 

s 0.839a 0,2256 0.0825 

Andrdeff * gives for the specific gravity of fluid sulphur dioxide 
2.4336; consequently the specific volume of the liquid is 

ff «rai O.OOO7, 

* Ann. Chent. Pharnt., 1859. 


properties of sulphur Dioxins iai 

The value of r, the heat of vaporization, may now he niltu- 
]ated at the given temperatures by equation (xo6), IW 8y, 

r« A it T , 
at 

in which u ^ s — tr, 

The results arc 

/ - 30° C. o T 30° 

r 106,9 97.60 00.5*1 

Within the limits of error of our method of calculation, the 
value of r may be found by the equation 
, r ** y8 — 0.J7 / ft jK) 

The specific heat of the liquid is derived by the following 
device. First assume that the entropy of the superheated vu|Hir 
may be calculated by the equation 


<!<!> » c,y (<V — <>) 


given on page 67 for perfect gases. Tin's may be transformed 

5nt0 ,, (<U * 1 T . \ , 

(hj> - c v - -— •* - dp) .... Um) 

But if we introduce into the equation for n perfect gas 

pv « R r J\ 

the value of R from the equation 

Cf t C p «** /l/^, 

the characteristic equation may take the form 

... Cj, k - 1 

A K 

Comparison of thfs equation with equation (u(>) niftgrM* 
replacing the term -™— 1 in equation (taq) by the arbitrary 
factor a, so that it may read 

# *** c v ( 4 j: — a-ylp^ {»*«) 




The expression for the entropy of a liquid and its vapor is 

Y + 0 or +,/' C(lt 


if the vapor is dry. When differentiated this yields 


# = r r (cdl -I* dr — Tpdl^j .... (131) 


If it be assumed that equations (130) and (131) may both be 
applied at saturation we have 


c„ (1 - a 


p dll dl T 


• • (132} 


If it be admitted further that the differential coefficient l ^~- can 

at 


be computed by the equation on page 120, the above equation 
affords a means of estimating the specific heat of the liquid. At 
o° C., this method gives for the specific heat 


c ^ 0.4. 


In English units we have for superheated sulphur dioxide 

pv => 2C.4 T - 184 /> ° ,J3 (133) 

the pressures being in pounds on the square foot, the volumes 
in cubic feet, and the temperatures in Fahrenheit degrees 
absolute. 

For pressures in pounds on the square inch at temperatures 
on the Fahrenheit scale, ” 


log p =* a — ba n — c(3 n ‘, 
a « 3.9527847; 
log b = 0.4792425; 
log c - 9.1659562 — 10; 
log ac « 9.9984994 — to; 
log /? « 9.99293890 — 10; 
n = t -f i8°.4 F. 
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For the heat of vaporization 

r = I? 6 _ 0.27 (/ - 32) <134) 

and for the specific heat of the liquid 

c — 0,4. 

In applying these equations to the calculation of a table of 
the properties of saturated sulphur dioxide the pressures corre- 
sponding to the temperatures are calculated as usual. Then 
the heat of the liquid is calculated by aid of the constant specific 
heat. The heat of vaporization is calculated by aid of equation 
{134). Next the specific volume is calculated by inserting the 
given temperature and the corresponding pressure for the sat- 
urated vapor in the characteristic equation (133). Having 
the specific volume of the vapor and that of the liquid, the heat 
equivalent (A pu ) of the external work is readily found. Finally, 
the entropy of the liquid is calculated by the equation 

0= e log* ~ (135) 

•* 0 

If the reader should object that this method is tortuous and 
full of doubtful approximations and assumptions, he must bear 
in mind that any method that can give approximations is better 
than none, and that all the computations for refrigerating- 
machines, that use volatile fluids, depend on results so obtained. 
And further, much of the waste and disappointment of earlier 
refrigerating-maehines could have been avoided if tables as good 
as those computed by this method were then available. 

Properties of Ammonia. — The specific heat of gaseous 
ammonia, determined by Rcgnault, is 0.50836. The theoretical 
specific gravity compared with air, calculated from the chemical 
composition, is given by Landolt and Bernstein as 0.58890. 
Gmelin gives the following experimental determinations: by 
Thomson, 0.5931 ; by Biot and Arago, 0.5967. For this work 
the figure 0.597 will be assumed, which gives for the specific 
volume at freezing-point and at atmospheric pressure 

m _ — I>30 cubic metres. 

o-597 



The coefficient of dilatation has not been determined, and con- 
sequently cannot be used to determine the value of a in equation 
(i 26). It, however, appears that consistent results arc obtained 
if a is assumed to be The coefficient of T then becomes 

0.50836 X 426.9 X \ « 54 - 3 > 
and the coefficient of p * is 


10333 


es» I42| 


so that the equation becomes 

pv « 54.3 T — 142 />* (136) 

The coefficient of dilatation, calculated by the same process 
as was used in determining a for sulphur dioxide, is 0.00404, 
which may be compared with that for sulphur dioxide. 
Rcgnault found for the pressures 

Pi m 703.50 mm. of mercury, 

Pt ** 1 435.3 mm, of mercury, 

and at 8°.i C. the ratio 

l 

P " L— x 555) j ,01 88, 

p 2 V i 

while equation (136) gives under the same conditions 1.0200. 
For saturated ammonia Rcgnault gives the equation 

log p «" a — bet n — c{P\ 
a - 11.5043330; 
log b “» 0.8721769; 
log c - 9.9777087 — 10; 
log a « 9.9996014 — 10; 
log p « 9-9939729 — 10; 
n •= / *P 22 0 C,; 
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by aid of which the pressures in mm. of mercury may be calculated 
for temperatures on the centigrade scale. The differential 
coefficient may be calculated by aid of the equation 

j' i JL =Aa n + B y. 

log A = 8.1635170 — ro; 
log B « 8.4822485 — ro; 
log (* ~ 9.9996014 — 10; 

log 0 = 9-99397 2 9 ~ *o; 

» + 22° C, 

The specific volume of saturated, ammonia calculated by 
equation (136) at several temperatures arc 

t - 30 0 C. o + 30° C. 

s 0.9982 0.2961 0.1167 

AndrdcfT gives for the specific gravity of liquid ammonia at 
o° C. 0.6364, so that the specific volume of the liquid is 

<r = 0.0016. 

The values of r at the several given temperatures, calculated 
by equation (128), are 

l — 3o 0 .C. o -f 30° C. 

r 3 2 5-7 5 277.5 

which may be represented by the equation 
r = 300 — 0.8 L 

The specific heat of the liquid, calculated by aid of equation 
(132), is 

c = i. 1. 

In English units the properties of superheated or gaseous 
ammonia may be represented by the equation 

pv = 99 T — 710 pi, 

in which the pressures arc taken in pounds on the square foot 
and volumes in cubic feet, while T represents the absolute 
temperature in Fahrenheit degrees. 



The pressure in pounds on l he square inch may be calculated 
by the equation 

log p 2*3 (l ba n — c/? rt ; 

a « 9.7907380; 
log b ™ 0.8721 769 — 10; 
log c « 9.9777087 — 10; 
log « »» 9.9997786 — 10; 
log ft » 9.9966516 — 10; 

« ea / -f- »> 0 ,6 J<', 

The heal of vaporization nmy be calculated by the equation 
r ™ 546 — 0.8 ( l 32), 
and the specific heat of the liquid is 

c 1. 1, 

EXAMPLE8, 

1. What is the weight of one cubic foot of superheated steam 
at 500° 1\ and at 60 pounds pressure absolute ? Knoblauch’s 
equation. Ans. 0,106 pounds. 

2. Superheated steam at 50 pounds absolute 1 ms half the 
density of saturated steam at the same pressure. What is the 
temperature? Tumlirz’s equation. Ans. 930° F. 

3. What is the volume of 5 pounds of steam at 129.3 pounds 
gauge pressure and at 359°.5 F.? Ans. 15.8. 

4. At 129.3 pounds gauge pressure a pounds of steam occupy 
7 cubic feet. Find its temperature. Assume value of T for 
entering Table I, page 112, and solve by trial. Ans. 424 0 F, 

5. A cubic foot of steam at 140 pounds absolute weighs 0,30 
pounds. What is its temperature? Ans. 374°F. 

6. Two pounds of steam and water at 129.3 pounds pressure 
above the atmosphere occupy 6 cubic feet. Heat is added and 
the pressure kept constant till the volume is 8.5 cubic feet. Find 
the final condition, and the external work done in expanding. 
Ans. Temperature 68i°F.; work 51800. 



y. Saturated steam at 15° pounds gauge, containing 2 per cent 
of water, passes through a superheater on its way to an engine. 
Its final temperature is 400° F. Find the increase in volume 
and the heat added per pound. 

8. Let the initial temperature of superheated steam be 380° F. 
at the pressure of 15® pounds absolute. Find the condition 
after an adiabatic expansion to 20 pounds absolute. Determine 
also the initial and final volumes. Ans. (i) 0.895) (2) 3 ,0 9 
cubic feet; (3) 17*8 cubic feet. 

9. In example 14, page 109, suppose that the steam at cut-off 
were superheated io°F. above the temperature of saturated 
steam at the given pressure, and solve the example. Ans. 
(1) 0.887; (2) 87° superheating; (3) same as before; (4) n = 
1,137; ( 5 ) I 97 2 an ^ I 95 ° foot-pounds. 
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CHAPTER VIIT. 

THE STEAM-ENGINE. 

The steam-engine Is still the most important heat-engine, 
though its supremacy is threatened on one hand by the steam- 
turbine and on the other by the gas-engine. When of large size 
and properly designed and managed its economy is excellent and 
can be excelled only by the largest and best gas-engines, 
and in many cases these engines (even with the advantage of 
a mpre favorable range of temperature) depend for their com- 
mercial success on the utilization of by-products. 

It can bo controlled, regulated, and reversed easily and posi- 
tively — properties which arc not possessed in like degree by 
other heat-engines. It is interesting to know that the theory 
of thermodynamics was developed mainly to account for the 
action and to provide methods of designing steam-engines', 
though neither object is entirely accomplished, on account of 
the fact that the onglnc-cylinder must be made of some metal to 
be hard and strong enough to endure service, for all metals are 
good conductors of heat, and seriously affect the action of a con- 
h donsablc fluid like steam, 

v Carnot's Cycle for a steam-engine is repre* 

son ted by Fig. 31, In which ab and cd arc 

I 1 isothermal lines, representing the application 

and rejection of heat at constant temperature 
and at constant pressure, be and da are 
" “ adiabatic lines, representing change of tem- 

i y lQ " ( pcralurc and pressure, without transmission 

J of heat through the walls of the cylinder. 

The diagram representing Carnot’s cycle has an external resem- 
blance to the indicator-diagram from some actual engines, 
but it differs in essential particulars. 

128 
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In the condition represented by the point a 'the cylinder con- 
tains a mixture of water and steam at the temperature /, and 
the pressure p { . If connection is made with a source of heat 
at the temperature t v and heat is added, some of the water will 
be vaporized and the volume will increase at constant pressure 
as represented by ah. If thermal communication is now inter- 
rupted, adiabatic expansion may take {dace as represented by be 
till the temperature is reduced to / 2 , the temperature of the 
refrigerator, with which thermal communication may now be 
established. If the piston is forced toward the closed end of 
the cylinder some of the steam in it will be condensed, and the 
volume will be reduced at constant pressure as represented by 
cd , The cycle is completed by an adiabatic compression rep- 
resented by da. 

If the absolute temperature of the source of heat is T u and 
if that of the refrigerator is T 7 , then the efficiency is 

whatever may be the working fluid. 

For example, if the pressure of the steam during isothermal 
expansion is xoo pounds above the atmosphere, and if the pressure 
during isothermal compression is equal to that of the atmos- 
phere, then the temperatures of the source of heat and of the 
refrigerator are 337 0 . 6 F. and 2r2° F., or 797. r and 671.5 abso- 
lute, so that the efficiency is 

; 97 . I T fin-l = 0 

797-i 

The following tabic gives the efficiencies worked out in a 
similar way, for various steam- pressures, — both for l 2 equal to 
2i2°F., corresponding to atmospheric pressure, and for 
equal to 116° F., corresponding to an absolute pressure of 1.5 
pounds to the square inch: 
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EFFICIENCY OF CARNOT'S CYCLE FOR STEAM-ENGINES. 


Initial Pressure 
by the Gauge, 
above the 
Atmosphere. 

Atmospheric 

Pressure. 

M Pounds 
Absolute. 

IS 

0.053 

0. i8f) 

30 

o,o8,| 

0.215 

Go 


0.3.JQ 

100 

0.157 

0.278 

15° 

o.i&G 

0. 302 

200 

0,307 

0.320 

300 

O.238 

° • 3*1 7 


The column for atmospheric pressure may lie used as a 
standard of comparison for non-condensing engines, and the 
column for 1.5 pounds absolute may be used for condensing 
engines. 

It is interesting to consider the condition of the fluid in the 
cylinder at the different points of the diagram for Carnot’s 
cycle. Thus if the fluid at the condition represented by b in 
Fig. 31 is made up of x h part steam and i~x b part water, then 
from equation (118) the condition at the point c is given by 

x c =* x <> “1* Q\ ” • • * « (137) 

In like manner the condition of the mixture at the point d is 

A\i “ -I- . . . (13 8 ) 

It is interesting to note that if x b is larger than one-half, that 
is, if there is more steam than water in the cylinder at b , then 
the adiabatic expansion is accompanied by condensation. Again, 
if x a is less limn one-half, then the adiabatic compression is also 
accompanied by condensation. Very commonly it is assumed 
that x b is unity, so that there is dry saturated steam in the cylin- 
der at b\ and that x a is zero, so that there is water only in the 
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ylinder at a; but there is no necessity for such assumptions, 
nd they in no way aiTcct the cftieiency. 

The temperature-entropy diagram for Carnot’s cycle for a 
team-engine is shown by Fig. 32, on which arc drawn also the 
ncs for entropy of the liquid r 
iff, and the entropy of snlur- " M tW JL l;l\ 6 

ted vapor be, as well as the ^ / / 7/7 \X\ 

ncs which represent the value Mm j / / / \ \ \ 

ftf, the dryness factor. This mm / j ' . I \ \ \\ 
iagram represents to Die eye j j / j \ \ \ \ \ 
ic vaporization during the / LL JLjLL.V \\ 
iothermal expansion ab, the /”/ / I \ \ A \\ \ 
artial condensation during ■ * 

ic adiabatic expansion be, f»». ja . 

ic isothermal condensation along cd, and the condensation 
uring the adiabatic compression da. In the diagram the work- 
ig substance is shown as water at a and as dry steam at b\ 
ic efficiency would clearly he the same for a cycle «' b ' c f d r , 
hick contains a varying mixture of water and steam under all 
>ndilions. 

If the cylinder contains M pounds of steam and water, the 
oat absorbed by the working substance during isothermal 
<pansion is 

Qi ™ Mr i (** - x «) { 139 ) 

id the heat rejected during isothermal compression Is 
Q, « Mr % (;v fl - .vj), 

1 that the heat changed into work during the cycle is 
Qi - (; x b - x n ) ~ r a (x c ~ x d )\ 

But from equations (137) and (138) 
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U (•% ~ T^r, (* 4 - *«), 
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and the expression for the heat changed into work becomes 

Q, - Q } - Mr x (a* b - x„) . . , ( I40 ) 

This equation is deduced because it is convenient for making 
comparisons of various other volatile liquids and their vapors, 
with steam, for use in heat-engines, It is of course apparent 
that 0,-0, T t - 7\ 

Qi ^ \ 

from equations (139) and (140), a conclusion which is known 
independently, and indeed is necessary in the development of 
the theory of the adiabatic expansion of steam. 

In the discussion thus far il has been assumed that the work- 
ing fluid is steam, or a mixture of steam and water. But a 
mixture of any volatile liquid and its vapor will give similar 
results, and the equations deduced can be applied directly. The 
principal difference will be due to die properties of the vapor 
considered, especially its specific pressures and specific volumes 
for the temperatures of the source of heat and the refrigerator. 

For example, the efficiency of Carnot’s cycle for a fluid 
working between the temperatures 160 0 C. and qo° C. is 


160 — <io 
160 + 273 


0.277, 


The properties of steam and of chloroform at these tempera- 


tures arc 

Pressure, mm. mercury 
Volume, cubic metres . 
Heat of vaporization, r 
Entropy ol liquid, 0 , , 


Sioam. 


*0" C. 

* 9 * 7*1 
5? 8 - 7 
0.136.1 


i6o # C. 

.|6SI.. | 

O-WS 

.|Q.|.a 

0.4633 


Chloroform. 


4 o»C. 
369.3 6 
0.4449 
6 3-»3 
0.03196 


1(30" C. 
873,1.3 

0. 0343 

S0>-53 
0. 11041 


For simplicity, we may assume that one kilogram of the fluid 
is used in the cylinder for Carnot’s cycle, and that Xt is unity 
while x„ is zero, so that from equation (i,|o) 

Q, - Q, ” r, ~ r »-. 
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and for steam 

Q t - Q, - 494 -a X 0,277 « *37 calories, 
while for chloroform 

Q.-Q. 50,53 X 0,277 M 14 calorics. 

After adiabatic expansion the qualities of the fluid will be, 
from equation (* 37 )j 

* = (-Tof+T^T + °'‘ ,6m " ai3(i ") “ °- 705 ‘ 

and for chloroform 

r „ Ji!LdlSLl. ( — — - 4. 0.11041 — O.O^igOJ ‘ ’ 0.060, 
63.13 \ 160 4 * 273 / 

The specific volumes after adiabatic expansion are, conse- 
quently, for steam 

v c = x c H t 4 - cr » 0,795 (ir ;.74 - 0.001) *1- 0,001 15.7, 

and for chloroform 

v c « x c u 2 4* <r w 0,969 (0,4449 — 0.000655) H* 0,000655 fessa 0.431. 

These values for u, just calculated arc the volumes in the 
cylinder at the extreme displacement of the piston, on the 
assumption that one kilogram of the working fluid is vaporized 
during isothermal expansion. A heller idea of the relative 
advantages of the two fluids will be obtained by finding the 
heat changed into work for each cubic metre of maximum piston- 
displacement, or for a cylinder having the volume of one cubic 
metre. This is obtained by dividing Q t Q a , the heal changed 
into work for each kilogram by v e . For steam the result is 

(Q 1 - (? a ) + v 0 - 137 4- 15.7 M 8.73, 
and /or chloroform it is 

(Q t ~ Gj) + - 14 0,413 - 34 J 

from which it appears that for the same volume chloroform 
can produce more than three and a half times as much power. 
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Even if we consider that the difference of pressure for chloro. 
form, 

8734.2 - 369.3 = 8364.9 mm., 
is nearly twice that for steam, which has only 
46514 ~ 54.9 ra 4596.5 mm. 

difference of pressure, the advantage appears to be in favor of 
chloroform. If, however, the difference of pressures given for 
chloroform is allowable also for steam, giving 

8364,9 + 54.9 84x9.8 mm. 

for the superior pressure, then the initial temperature for steam 
becomes i 84°.9 C*» and the efficiency becomes 

184.9 


42_ 
184.9 d* 273 


0.318, 


instead of 0.277. On the whole, steam is the more dcslrabio 
fluid, even if we do not consider the inflammable and poisonous 
nature of chloroform. Similar calculations will show that on 
the whole steam is at least as well adapted for use in heat-engines 
as any other saturated fluid; in practice, the cheapness and 
incombustibility of steam indicate that it is the preferable fluid 
for such uses. 

Non-conducting Engine. Rankinc Cycle, — The conditions 
required for alternate isothermal expansion and adiabatic expan- 
sion cannot be fulfilled for Carnot’s cycle with steam any more 
than they could be for air. The diagram lor the cycle with 
steam, however, is well adapted to production of power; the 
contrary is the ease with air, as has already been shown. 

In practice steam from a boiler is admitted to the cylinder of 
the steam-engine during that part of the cycle which corre- 
sponds to the isothermal expansion of Carnot’s cycle, thus trans- 
ferring the isothermal expansion to the boiler, where steam is 
formed under constant pressure. In like manner the isothermal 
compression is replaced by an exhaust at constant pressure, 
during which steam may be condensed in a separate condenser, 



olcd by cold water. The cylinder is commonly made of cast 
m, and is always some kind of metal; there is consequently 
nsiderablc interference due to the conductivity of the walls of 
e cylinder, and the expansion and compression are never 
liabutic. There is an advantage, however, in discussing first 
l engine with a cylinder made of some non-conducting material, 
though no such material proper for making cylinders is now 
lown. 

The diagram representing the operations in a non-conducting 
Under fora steam-engine (sometimes called the Rankine cycle) 
n be represented by Fig. 33. ab represents 
e admission of dry saturated steam from 
e boiler; be is an adiabatic expansion to the 
:haust pressure; cd represents the exhaust; 
id da is an adiabatic compression to the 
itial pressure. It is assumed that the small 
)lumc, represented by a, between the piston and the head of 
ic cylinder is filled with dry steam, and that the steam remains 
amogeneous during exhaust so that the quality is the same at 
as at c. These conditions arc consistent and necessary, 
nee the change of condition due to adiabatic expansion (or 
impression) depends only on the initial condition and the 
litial and final pressures; so that an adiabatic expansion from 
to d would give the same quality at d as that found at c after 
Jiabatic expansion from b } and conversely adiabatic compres- 
on from d to a gives dry steam at a as required- 
The cycle represented by Fig. 33 differs most notably from 
arnot’s cycle (Fig. 32) in that ab represents admission of steam 
rad cd represents exhaust of steam, as hns already been pointed 
ut. It also differs in that the compression da gives dry steam 
istcad of wet steam. The compression line da is therefore 
:ceper than for Carnot’s cycle, and the area of the figure is 
ightly larger on this account. This curious fact docs not 
idicate that the cycle has a higher efficiency; on the contrary, 
ic efficiency is less, and the cycle is irreversible. 

If the pressure during admission (equal to the pressure in 
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the boiler) is />„ and if ihc pressure during exhaust is p v then 
the heat required to raise the water resulting from the conden- 
sation of the exhaust-steam is 

“ Qv 

where q K is the licat of the liquid at the pressure p v and q t is the 
heat of the liquid at the pressure p r The heat of vaporization 
at the pressure p x is r v so that the heal required to raise the feed- 
water from the temperature of the exhaust to the temperature 
in the boiler and evaporate it into dry steam is 

Qx ™ r t T <?, - ? a (m) 

and this is the quantity of heat supplied to the cylinder per 
pound of steam. 

The steam exhausted from the cylinder has the quality 
calculated by aid of the equation 


r, \i ( f 


and the heal that must be withdrawn when it is condensed is 

(?i " *Va (*4 3 ) 

this is the heal rejected from the engine. The heat changed 
into work per pound of steam is 

Q, - Q, - r, -I- #/, .... (143) 

The efficiency of the cycle is 

„ „ &_=& 3 \ * t | • (l44) 

Qx r x + <h - ft 

If values are assigned to p x and /», and the proper numerical 
calculations arc made, it will appear that the efficiency for a 
•non-conducting engine Is always less than the efficiency (or 
Carnot’s cycle between the corresponding temperatures. 

ft should be remarked that the efficiency is not affected by 
the clearance or space between the piston ancl the head of the 
cylinder and the space in the steam-passages of the cylinder, 
provided that the clearance is filled with dry saturated steam as 



indicated in Fig. 33. This is evident (rum tlu- hu t that im term 

representing the clearance, or volume ul <1, big. . 1 . 1 . 

equation (144)- Or. “K nil '> "' l> m,l >’ a,n!,itll ' r llml hl !'“ m 
th0 cylinder at the beginning of the stroke, occupying Hie vol 

ume represented by a, expand* during the ndmlmlie ex|mnM<m 
anti is compressctl again (luring compression, m lluil one 
operation is equivalent to and eounlerlinlnnees the other, ami 
so docs not affect Hie efficiency of tile cycle. 

Use of (he Temperature-Entropy Diagram. I'be Kimkmr 
cycle is drawn with ft varying cjiumtily of *le»m m the i yltmlcr. 
beginning at a, Fig. 33, with ihc »uiim caught in tin* iUvinntv 
and finishing at b t with that weight plus the weight drawn fmm 
the boiler; consequently a proper temperature enlmpy ilmj'ritm* 
which represents the changes of one pound of the working Mil* 
stance, cannot be drawn. 

We may, however, use the temperature entropy diagram 
(like Fig. 30, page roq, or the plate at tin* end of ill r l«w»k) fnt 
solving problems connected with that cycle instead of equation* 
(143) and (im). 

In the first place we have by ctpui- r. 
tion (96), page 83, J L 

17 / | \ 

and by equation (i 13), page 97, m J „ \ 

0- f c 4 

m 

for a volatile liquid. From the latter 

, pa 

we have 

all “ Td0\ 

therefore w 

r Tin -W..U >. 

q sn j j du, *»«. lt 

From this last equation it is evident that the heal of thr liquid q\ 
for water represented by the point a in Fig. 34, I* m ensured by 
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the area Oniao. In like manner the heat of the liquid q % cor- 
responding to the point d, is represented by the area Omdn „ 
Again, the heat added during the vaporization represented by 

ab, is r v while the increase of entropy is • Therefore the heat 

* 1 

pf vaporization can be represented by the area oabp. In like 
manner the partial vaporization x 2 r 3 can be represented by the 
area ndep. Therefore the heat changed into work for the cycle 
in Fig. 33, which has been represented by 

r. + Qi ” OV2 + ?a)» 


tan equally well be represented by the area 

abed == area Ouiao H- area oabp 
— (area Omdn -l- area ndcp). 

It will consequently be sufficient to measure the area abed 
by any means, for example, by aid of a pianimeter, in order to 
determine the heat changed into work during the operation of the 
non-conducting engine working on the Rankine cycle. If the plan- 
imetcr determines the area in square inches, the scale of the draw- 
ing for Fig. 34 should be one inch per degree, and one inch per 
unit of entropy, or, if other and more convenient scales are to be 
used, proper reductions must be made to allow for those scales. 

Il must be firmly fixed in mind that the use of a diagram like 
Fig. 34 is justified because it has been proved that the area 
abed (drawn to the proper scale) is numerically equal to the 
•heat changed into work as computed by equation (143), and 
that the diagram does not represent the operations of the cycle , 
This is entirely different from the case of the diagram, Fig. 32, 
which correctly represents the operations of Carnot’s cycle. 

The illustration of the use of the temperature-entropy diagram 
for this purpose is chosen for convenience with dry saturated 
steam at b, Fig. 34. It is evident that it could (with equal 
propriety) be applied to an engine supplied with moist steam if 
r x is replaced by xqrfin equation (143) and if b is located at the 
proper place between a and b. 

'The actual measurement of areas by'a pianimeter is seldom 



if ever applied, but the diagram is used effectively in the dis- 
cussion of certain problems of non-reversibie flow of steam in 
nozzles and turbines, with allowance for friction. 

It further suggests an approximation that may sometimes be 
useful, especially if the change of pressure (and temperature) p's 
small. Thus the area abed may be approximately represented 
by the expression 

“ (fib + *) be - j (^r + (*, - t 2 ), 

so that in place of equation (143) we may have 

Q ' ~ Qi ~ Hri + ’¥*) <'• • • ( ms ) 

for (he heat changed into work by Rankinc’s cycle. 

This approximation depends on treating ab as a straight line, 
and this assumption is more correct as the difference of temper- 
ature is less; that is for those cases in which equation (143) 
deals with the difference of quantities of about the same magni- 
tude, and may consequently be affected by a large relative error. 

Temperature-Entropy Table. — The lemperature-entropy table 
'which has been described on page 106 was computed for solu- 
tion of problems of this nature, more especially in turbine 
design, and enables us to determine the heal changed into work 
directly with sufficient accuracy for engineering work, without 
interpolation; it also gives the quality a; and the specific volume. 

Incomplete Cycle. — The cycle for a non-conducting engine 
may be incomplete because the expansion is not carried far 
enough to reduce the pressure to that 
of the back- pressure line, as is shown 
in Fig. 35. Such an incomplete cycle 
has less efficiency than a complete cycle, 
but in practice the advantage of using 
a smaller cylinder and of reducing fric- 
tion is sufficient compensation for the 
small loss of efficiency due to a moderate drop at the end of 
the stroke, as shown in Fig. 35. 
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The discussion of the incomplete cycle is simplified by 
ing that there is no clearance and no compression as is in 
by Fig. 35. It will be shown later that the efficiency will 
same with a clearance, provided the compression is comp) 
The most ready way of finding the efficiency for this • 
to determine the work of the cycle. Thus the work, 
admission is / 'Y 

! /j Pi C«i * *)> 

t 

where t* l is the increase of volume due to vaporization of a 
of steam, and <r is the specific volume of water. The work 
expansion is 

E b - E 0 - ~ (p t -I- v, - x c p 0 - q 9 ), 

where q l and arc the heat of the liquid and the hcat-ccji 
of the internal work during vaporization at the press 
while q 0 and p 0 arc corresponding quantities for the pressu 
x e is to be calculated by the equation 



The work done by the piston on the steam during ex! 

Pt («.«• 'I* <r). 


The total work of the cycle is obtained by adding ti 
during admission and expansion and subtracting th 
during exhaust, giving 

J (Pi -M/Mi “ x cPc - “ ft) "h (Pi “ P») < 

The last term is small, and may be neglected. Adcli 
subtracting A p e x c u 0 and multiplying by A, .we get for tl 
equivalent of the work of the cycle 

Qi “ Qn “ r i ~ -h A (p r - p 2 ) u,x e + q t — $ 


which is equal lo the difference between the heal .supplied ui 
the heat rejected as indicated. The heat supplied is 


Qi r i T 7, 


as was deduced for the complete cycle; the cost of making the 
steam remains the .same, whether or not il is used ellieitnlly. 
Finally, the efficiency of the cycle is 

Qx 'i I r u - (/, 

■ f _ , *v> - <h r.A. t t ( 

r, -|- </, - 7, 


e. ~ i 


. ( l |H) 


If p e is made equal to p A in the preceding equal ion, it will he 
reduced to the same form as equation because the exjmn 

sion in such case becomes complete. 

Steam-Consumption of Non-conducting Engine. A horse 
power is 33000 foot-pounds per minute or 60 X 33000 foot pounds 
per hour. But the heal changed into work per pound of steam 
by a non-conducting engine with complete expansion U, by 
equation {143), 

r ( T </i 7a 

so that the steam required per horsepower per hour Is 

* * bo X 33000 

778 (r, -I- ry, - 7, — .v,r, ) * 

Similarly, the steam per horae-power per hour for an engine 
with incomplete expansion, hy aid of expression f* 

do X 33000 

778 (/>, -I- /!/>,«, - x,p. - Afi r v,ii, 1 f, - 57) 1 

The value of x , or .v, Is lo lie calculated by ilio general cqualUm 

— 7&V'*-')- 

The denominator in citltcr of the above expressions for the 
steam per horsc-powcr per hour is of course Die work done twr 
pound of steam, and the parenthesis without the meclrnnhal 
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equivalent 778 is equal to Q, - Q v If then we multiply and 
divide by 

Qi ■" r i + <?i ~ 2 

that is, by the heat brought from the boiler by one pound of 
steam, we shall have in either ease for the steam consumption 
in pounds per hour 

60 X 33000 X Q, 60 X HOOP , . 

778 (Qi - Q a) Q, 778c (r, + J, - tf„) 

where 

Q 5-5 2 

( 2 , 

is the efficiency for the cycle. 

Actual Steam-Engino. — The indicator-diagram from an actual 
steam-engine differs from the cycle for a non-conducting engine 
in two ways: there are losses of pressure between the boiler and 
the cylinder and between the cylinder and the condenser, due 
to the rcsisfnncc to the flow of steam through pipes, valves, and 
passages; and there is considerable interference of the metal of 
the cylinder with the action of the steam in the cylinder. The 
losses of pressure may be minimized for a slow-moving engine 
by making the valves and passages direct and large. The 
interference of the walls of the cylinder cannot be* prevented, 
but may be ameliorated by using superheated steam or by steam- 
jacketing. 

When steam enters the cylinder of an engine, some of it is 
condensed on the walls which were cooled by contact with 
exhaust-steam, thereby healing them up nearly to the tempera- 
ture of the steam. After cul-ofT the pressure of the steam is 
reduced by expansion and some of the water on the walls of 
the cylinder vaporizes. At release the pressure falls rapidly 
to the back-pressure, and the water remaining on the walls is 
nearly if not all vaporized. It is at once evident that so much 
of the heat as remains in the walls until release and is thrown 
out during exhaust is a direct loss; and again, the heal which 
is restored during expansion does work with less c/Ticicncy, 


realise it is reevaporated at less than the temperature in the 
•oiler or in the cylinder during admission. A complete state- 
ment of the action of the walls of the cylinder of an engine, 
dth quantitative results from tests on engines, was first given 
•y Him, His analysis of engine tests, showing the interchanges 
f heat between the walls of the cylinder and the steam, will be 
fiven later. It is sufficient to know now that a failure to con- 
ider the action of the walls of the cylinder leads to gross errors, 
nd that an attempt to base the design of an engine on the theory 
>f a steam-engine with a non-conducting cylinder can lead only 
o confusion and disappointment. 

The most apparent effect of the influence of the walls of the 
cylinder on the indicator-diagram is to change the expansion 
iml the compression lines; the former exhibits this change most 
dearly. In the first place the fluid in the cylinder at cut-off 
:onsists of from twenty to fifty per cent hot water, which is found 
nainly adhering to the walls of the cylinder. Even if there 
.vere no action of the walls during expansion the curve would be' 
much less steep than the adiabatic line for dry saturated steam. 
But the reiivaporalion during expansion still further changes the 
:urve, so that it is usually less steep than the rectangular 
iypcrbola. 

It may be mentioned that the fluctuations of temperature 
in the walls of a steam-engine cylinder caused by the conden- 
sation and rcfcvaporation. of water do not extend far from the sur- 
face, but that at a very moderate depth the temperature remains 
:onstant so long as the engine runs under constant conditions. 

The performance of a steam-engine is commonly stated in 
pounds of steam per horse-power per hour. For example, a 
small Corliss engine, developing 16.35 horse-power when 
running at 61.5 revolutions per minute under 77.4 pounds 
boiler- pressure, used 54S pounds of steam in an hour. The 
steam consumption was 

548 -4- 16.35 = 33-5 


pounds per horse-power, per hour. 
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This method was considered sufficient in the earlier history 
of the steam-engine, and may now bu used for comparing simple 
condensing or non-condensing engines which use saturated 
steam and do not have a steam-jacket, for the total heat of steam, 
and consequently the cost of making steam from water at a given 
temperature increases but slowly with the pressure. 

The performance of steam-engines may be more exactly 
staled in British thermal units per horse-power per minute. 
This method, or some method equivalent to it, is essential in 
making comparisons to discover the advantages of superheat- 
ing, steam-jacketing, and compounding. For example, the 
engine just referred to used steam containing two per cent of 
moisture, so that :v\ nt the steam -pressure of 77.4 pounds was 
0.98. The barometer showed the pressure of the atmosphere 
to be 14.7 pounds, and this was also the back-pressure during 
exhaust. If it be assumed that the feed-water was or could 
be healed to the corresponding temperature of ara°F,, the 
' heat required to evaporate it against 77,4 pounds above the 
atmosphere or qa.i pounds absolute was 

4. „ q % „ 0.98 X 888,0 -!* aqa.i - 180.3 « 982.0 n.T.u. 

The thermal units per horse-power per minute were 

95i®JUa!5 ,* ,. 8 . 

60 

Efficiency o! the Actual Engine. — When the thermal units 
per horse-power per minute are known or can be readily cal- 
culated, the efficiency of the actual steam-engine may be found by 
the following method ; A horse-power corresponds to the develop- 
ment of 33000 foot-pounds per minute, which arc equivalent to 
33OOO 4 - 778 •* 42.4a 

thermal units. This quantity is proportional to Q, - Q,, and 
the thermal units consumed per horse-power per minulo are 
proportional to Q,, so that the efficiency is 

Q, -- (? 1 4M 3 _ 

n.T.if. per II. P. per min. 


For example , the Corliss engine mentioned above hud an 
efficiency of 

42.42 •+• 548 •“ 0.077. 

This same method may evidently he upi>ICt*<t to any heat- 
engine for which the consumption in thermal units per horse 
power per hour can he applied. 

From the tests reported in Chapter XJJ 1 it appears that the 
engine in the laboratory of the Massachusetts Institute of Tetlt 
nology on one occasion used 13.73 pounds of steam per how 
power per hour, of which io,86 pounds were supplied to the 
cylinders and 2.87 pounds were condensed in steam jackets on the 
cylinders. The steam in the supply-pipe hud the prepare of 
157,7 pounds absolute, and contained 1.2 per cent of moisture. 
The heat supplied to the cylinders per minute in the steam 
admitted was 

10.86 (ay, -h <7, — q 7 ) + 60 
» 10.86 (0.988 X 858.6 -f* 333.9 — raO.o) + (h) 

» 191 ji.t.u.; 

<7, being the heal of the liquid at the temperature of the back- 
pressure of 4.5 pounds absolute. 

The steam condensed in the steam-jackets was withdrawn 
at the temperature due to the pressure and could have Iktu 
returned to the boiler at that temperature; consequently ihu 
heat required to vaporize it was r,, and the heat furnished by 
the steam in the jackets was 

2.87 x 0.98 X 858.6 4 - 60 40.6 n.r.it. 

The heat consumed by the engine was 



191 •}- 40.6 •« 333 n.-r.u. 

per horse-power per minute, and the efficiency was 
e *» 43.42 4- 332 «. 0,183. 
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The efficiency of Carnot’s cycle for the range of temperatures 
corresponding to 157.7 an( l 4*5 pounds absolute, namely, 821°, 7 
and 61 7 0 . 2 absolute, is 


T, - T. 


>1.7 — 617.2 


0.24#. 


The efficiency for n non-conducting engine with complete 
expansion, calculated by equation (144), is for tin's ease 

„ a* r, 0.821 X 1 004. 1 

(T — I <=» I 7“* 0.221 

r ! + - ft 858.6 *1- 333*9 " A26 - 0 

where .v 3 is calculated by the equation 

a . ^JLi (JLu i $ ~ 0} 

2 r 2 \'/\ h ’ V 

» —IiH™ _j. 0.5180 0.2282I 0.821, 

1004.1 \821.7 ' / 

During the test in question the terminal pressure at the end of 
the expansion in the low-pressure cylinder was 6 pounds abso- 
lute, which gives 

*•-*'(?; + *>■*>) 

" (iff + °- 5 ’ 89 ~ °' 2 ' 175 ) “ a833 ’ 

and tho efficiency by equation (148) was 


d" ** 1 - 


0.222. 


4- ft - ft 

W 5 .8 -1; 38.0 -i- 126.0-1- (6-4.5)0.832 x 6a 

858.6 + 333.9 - 126.0 


The real criterion of the perfection of the action of nn engine 
is the ratio of its actual efficiency to that of a perfect engine. 
]f for the perfect engine we choose Carnot’s cycle the ratio Is 

c _ 0.183 , 


d 0.2485 


0.736. 
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But if we take for our standard an engine with a cylinder of non- 
conducting material the ratio for complete expansion is 

e 0.183 _ 

— — - — ^ = 0.807. 
c' 0.227 

For incomplete expansion the ratio is 


c"' 0.222 


= 0.824. 


To complete the comparison it is interesting to calculate 
the steam-consumption for a non-conducting steam-engine by 
equation (149), both for complete and for incomplete expan- 
sion. For complete expansion we have 


= 10.7 pounds 


60 X 33000 . 

— -— sv , — - =10,5 pounds, 

778 X 0.227 (858.6 + 333-9 — 126.0) 

and for incomplete expansion 

60 X 33000 , 

— — — - — : = 10.7 pounds 

778 X 0.222 (858.6 -f 333.9 — 126.0) 

per horse-power per hour. 

But if these steam-consumptions arc compared with the 
actual steam-consumption of 13.73 pounds per horse-power 
per hour, the ratios are 

10.5 -4- 13.73 =0.766 and 10.7 -T- 13.73 = 0.783, 

which are very different from the ratios of the efficiencies. The 
discrepancy is due to the fact that more than a fourth of the 
steam used by the actual engine is condensed in the jackets 
and returned at full steam temperature to the boiler, while the 
non-conducting engine has no jacket, but is assumed to use ail 
the steam in the cylinder. 

From this discussion it appears that there is not a wide margin 
for improvement of a well-designed engine running under favor- 
able conditions. Improved economy must be sought either by 
increasing the range of temperatures (raising the steam-pressure 
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or improving the vacuum), or by choosing some* other form of 
heat-motor, such as ihu gas-engine. 

Allenlion should be called io the (act that the real criterion ol 
lire economy of a heat-engine is the cost of producing power by 
that engine. The cost may be expressed in thermal units per 
horse-power per minute, in pounds o( steam per horse-power 
per hour, in coal per horse-power pe r hour, or directly in money. 
The expression in thermal units is the most exact, and the best 
lor comparing engines of the same class, such as steam-engines. 
If the same fuel can be used for different engines, such as steam- 
and gas-engines, then the cost in pounds of fuel per horsc-powcr 
per hour may lie most instructive. But in any case the money 
cost must be the final criterion. The reason why it is not more 
frequently slated in reports of tests is that it is in many cases 
somewhat difficult to determine, and because il is affected by 
market prices which arc subject to change. 

At the present lime a pressure as high us 150 pounds above 
the atmosphere is used where good economy is expected, It 
appears from the table on page 132, showing the efficiency of 
Carnot's cycle for various pressures, that the gain in economy 
by increasing steam-pressure above 150 pounds is slow. The 
same thing is shown even more clearly by the following table: 

EFFECT OF RAISING STEAM -PRESSURE. 


Holler- 
(irewure by 
Oaugo. 

Efficiency, 

Cat not ’» Cycle. 

Mon-conrlucll 

Efficiency. 

Engine. 

H.T.U.par 
II. P. per 
Minute. 

Probable P< 
Actual 1 

ll.T.U.per 
M.P. net 
Minute. 

irformance, 

Unglue. 

Steam per 
n.p.pef 
Hour. 

»50 

0.302 

0,373 

15^ 


«*-5 

300 

0.330 

0.3 88 

«*»7 

18,1 

10. 

300 

<>■: m 7 

0.306 

*35 

160 

9.0 


In the calculations for this table the steam Is supposed to be 
dry as it enters the cylinder of the engine, and the back-pressure 
is supposed to be 1.5 pounds absolute, white the expansion for 
the non-conducting engine is assumed to be complete. The 
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heat-consumption of the non-conducting engine is obtained by 
dividing 42.42 by the dTicicncy; thus for 150 pounds 

42.42 -r 0.272 • I5O. 

The heat-consumption of the actual engine is assumed to be 
one-fourth greater limn that of the non-conducting engine. The 
stcam-consumplion is calculated by the reversal of the method 
of calculating the thermal units per horse power per minute 
from the steam per horse-power per hour, and for simplicity 
all of the steam is assumed to be supplied to the cylinder. Mill 
an engine which shall show such an economy for a given prcwoirr 
as that set down in the table must he a triple or a (jtmdrujde 
engine and must be thoroughly steam- jacketed. The actual 
stcam-consumption is certain to be a little larger than that given 
in the tabic, as steam condensed in a steam jacket yield** lc*» 
heat than that passed throng)} the cylinder. 

It is very doubtful if the gain in fluid efficiency due to in< reading 
stcam-prcssurc above 150 or 200 pounds is not o/Tsct by the greater 
friction and the difficulty of maintaining the engine. Higher 
pressures than 200 pounds arc used only where great power mw»l 
be developed with small weight and space, as in torpedo- lamia. 

Condensers. — Two forma of condensers are used to condense 
the steam from a steam-engine, known ns jet -condensers ami 
surface-condensers. The former are commonly used fur land 
engines; they consist of a receptacle having a volume equal to 
one-fourth or one-third of lhal of the cylinder or cylinders that 
exhaust into it, into which the steam passes from the rxlmuat pljw 
and whore it meets and la condensed by a spray of told water. 

If it be assumed that the steam in the exhaust pipe hn dry 

and saturated and that it is condenser! from the pressure p and 

cooled to the temperature /,. then the heat yielded per pound 

of steam is Tr 

•** fa 

where H is the total heat of steam at the pressure />, and </, i* the 
heat of the liquid at the temperature /*, The heat acquired by 
each pound of condensing or injection water is 

<U - <1<> 
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where q ( is the heal of the liquid at the temperature (% of the 
injection-water as it enters the condenser. Each pound of steam 
will require 
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pounds of injection-water. 

For example , steam at 4 pounds absolute lias for the total 
heal 1128.6. If the injection-water enters with a temperature 
of 6o° F., and leaves with a temperature of i2o°l'\, then each 
pound of steam will require 


r -|- g ~ q k __ 1128.6 — 8 8.0 
<lk ~ <]{ 88.0 — 28.12 


pounds of injection- water. This calculation is used only to 
aid in determining the size of the pipes and passages leading 
water to and from the condenser, and the dimensions of the air- 
pump. Anything like refinement is useless and impossible, 
as conditions arc seldom well known and arc liable to vary. 
From 20 to 30 limes the weight of steam used by the engine is 
commonly taken for this purpose. 

The jet-condensers cannot be used at sea when the boiler- 
pressure exceeds 40 pounds by the gauge; all modern steamers 
are consequently supplied with surface-condensers which consist 
of receptacles, which arc commonly rectangular in shape, into 
which steam is exhausted, and where it is condensed on horizontal 
brass lubes through which cold sea-water is circulated. The 
condensed water is drained out through the air-pump and is 
returned to the boiler. Thus the feed-water is kept free front 
salt and oilier mineral matter that would lie pumped into the 
boiler if a jet-condenser were used, and if the feed-water were 
drawn from the mingled water and condensed steam from 
such a condenser. Much trouble is, however, experienced 
from oil used to lubricate the cylinders of the engine, ns it is 
likely to be pumped into the boilers with the feed- water, even 
though attempts arc made to strain or filter it from the water. 

The water withdrawn from a surface-condenser is likely to 
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have a different temperature from the cooling water when it 
leaves the condenser, ff its temperature is then we have 
instead of equation (150) 


•Ik ~ <li 


. . . . (151) 


for the cooling water per pound of steam. The difference is 
really immaterial, as it makes little difference in the actual value 
)f G for any ease. 

Cooling Surface. — Experiments on the quantity of cooling 
surface required by a surface-condenser are few and unsatis- 
factory, and a comparison of condensers of marine engines 
ihows a wide diversity of practice. Seaton says that with an 
initial temperature of do 0 , and with 120° for the feed-water, a 
:ondensation of 13 pounds of steam per square foot per hour 
is considered fair work. A new condenser in good condition 
nay condense much more steam per square foot per hour than 
his, but allowance must he marie for fouling and dogging, 
specially for vessels that make long voyages. 

Seaton also gives the following table of square feel of cooling 
iurfacc per indicated home-power: 


Abioliii# Terminal l*r#*«ur« , 
round* por Sf|uiffl Inch. 


8<luaro l r c«l 
Iter I. It. I*. 


For ships stationed in the tropics, allow 20 per cent more; 
or ships which occasionally visit the tropics, allow 10 per cent 
(lore; for ships constantly in a cold climate, to per cent less 
nay be allowed. 

Air-Pump. — The vacuum in the condenser is maintained 
7 air-pump, which pumps out the air which finds its way 
here by leakage or otherwise; the condensing water curries 
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a considerable volume of air inlo the condenser, and the 5 
of ihc air-pump can be based roughly on the average percent* 
of air held in solution in water; the air which finds its way i 
a surface-condenser enters mainly by leakage around the lc 
pressure piston-rod and elsewhere. 

It is customary to base the size of the air-pump on the < 
placement of the low-pressure piston (or pistons); for exam] 
the capacity of a single-acting vertical air-pump for a merch 
steamer, with triple-expansion engines, may be about ^ of 
capacity of the low-pressure cylinder. 

With the introduction of steam-turbines, the importance 
a good vacuum becomes more marked, and the duly of the ; 
pump, which commonly removes air and also the water of c 
densation from the condenser, is divided between a dry 
pump, which removes air from the condenser, and a wa 
pump, which removes the water of condensation. Air-pur 
arc treated more at length on page 374, in connection with 
discussion of compressed air. 

Designing Engines. — The only question that is prop* 
discussed here is the probable form of the indicator-diagri 
which gives immediately (he method of finding the mean cflfcc 
pressure, and, consequently, the size of the cylinder of the eng 
The moat reliable way of finding the expected mean efTcc 
pressure in the design of a new engine is to measure an indica 
diagram from an engine of the same or similar type and j 
and working under the same conditions. 

If a new engine varies 
much from the type on w) 
the design is bused that 
diagram from the latter cat 
be used directly, the follov 
method may be used to a 
vuiTT^, for moderate changes of lx 

pressure or expansion. 

type diagram either on the original card or redrawn to a la 
scale, may have added to it the axis of xero pressure and 
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ime OV and OP (Fig. 35a). The former is laid oft parallel to 
he atmospheric line and at a distance to represent the pressure 
if the atmosphere, using the scale for measuring pressure on the 
tiagram. The latter is drawn vertical and at a distance from af 
vhich shall bear the same ratio to the length of the diagram as 
he clearance space of the cylinder has to the piston-displacc- 
nent. The boiler-pressure line may be drawn as shown. The 
.bsoliite pressure may now be measured from OV with the proper 
calc and volume from OP with any convenient scale. 

Choosing points b and c at the beginning and end of e.xpam 
.ion determine the exponent for an exponential equation by the 
nethod on page 66; do the same for the compression curve ef. . 

Draw a diagram like Fig, 35 for the new engine, making the 
proper allowance for change of boiler- pressure or point of cut- 
>ff, using the probable clearance for determining the position 

the line af. Allowing for loss of pressure from the boiler to 
:he cylinder, and for wire-drawing or loss of pressure in the 
calves and passages, locate the points a and b. The back- 
pressure line fie can be drawn from an estimate of the probable 
vacuum. The volumes at c and e are determined by the action 
)f the valve gear. By aid of the proper exponential equations 
ocate a few points on be and ef and sketch in those curves.. 
Finish the diagram by hand by comparison with the type dia- 
gram. If necessary draw two such diagrams for the head and 
:rank ends of the cylinder. The mean effective pressure can 
now be determined by aid of the planimcter and used in the 
design of the new engine. 

Usually the refinements of the method just detailed are 
avoided, and an allowance is made for them in the lump by a 
practical factor. The following approximations arc made: 
(1) the pressure in the cylinder during admission is assumed 
to be the boiler pressure, and during the exhaust the vacuum 
in the condenser; (2) the release is taken to be at the end of 
the stroke; (3} both expansion and compression lines are treated 
as hyperbolec. The mean effective pressure is then readily 
computed as indicated in the following example. 
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Problem. — Required the dimensions of the cylinder of an 
engine to give 200 horse power; revolutions 100; gauge pressure 
So pounds; vacuum 28 inches; cut-ofi at i stroke; release at end 
of stroke; compression at jV stroke; clearance 5 per cent. 

The absolute boiler-pressure is 94.7 pounds, and the absolute 
pressure corresponding to 28 inches of mercury is nearly one 
pound. It is convenient to take the piston displacement as 
one cubic foot and the stroke as one foot for the purpose of 
determining the mean effective pressure. The volume of cut- 
off is consequently \ cubic foot due to the motion of the piston 
plus tV cubic foot due to the clearance or 0.35 cubic foot; the 
volume at release is 1.05 cubic foot, and at compression is 0.15 
cubic foot. 

The work during admission (corresponding to ab, Fig. 35a) is 
94.7X144 X 0.3s foot-pound, 
and during expansion is 

p x v l log e ^ * 94.7 X 144 X 0.35 log* 


The work during exhaust done by the piston in expelling the 
steam is 

1 X 144 X (r - 0.15), 


and the work during compression is 


r 


X 144 X 0.15 


log* 


O.I $ | 
0.05 


The mean effective pressure in pounds per square inch is 
obtained by adding the first two works and subtracting the last 
two and then dividing by 144, so that 

M.E.P. = 94.7 X 0.25 + 94.7 X 0.35 log fl . 

0.35 

- 1 X 0.S5 - 1 X 0.15 log, ^ - 59.1. 


The probable mean effective pressure may be taken as & 
of this computed pressure, or 53.2 pounds per square inch. 
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Given the diameter and stroke of an engine together with the 
mean effective pressure, and revolutions, we may find the horse- 
power by the formula 

I>H .P. „ 111 ™. 

33ooo 

where p is the mean effective pressure, 1 is the stroke in feet, a is 
the area of the circle for the given diameter in square inches, and 
n is the number of revolutions per minute. For our case we 
may assume that the stroke is twice the diameter, whence 

2 d , ird' i v 

2 X 53-2 X — X — X 100 
12 4 

2CO — * 

33000 

d = 16.8 inches, $ — 33.fi inches. 

In practice the diameter would probably be made i6£ inches 
and the stroke 33^ inches. 
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A compound engine has commonly two cylinders, one of 
which is three or four times as large as the other. Steam from 
a boiler is admitted to the small cylinder, and after doing work in 
that cylinder it is transferred to the large cylinder, from which 
it is exhausted, after doing work again, into a condenser or 
against the pressure of the atmosphere. If we assume that the 
steam from the small cylinder is exhausted into a large receiver, 
the back pressure in that cylinder and the pressure during the 
admission to the large cylinder will be uniform. If, further, wo 
assume that there is no clearance in either cylinder, that the 
back- pressure in the small cylinder and the forward pressure in 
the large cylinder arc the same, and that the expansion in the 
small cyk'ndcr reduces the pressure down to the back-presSurc in 
that cylinder, the diagram for the small cylinder will be A BCD, 
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Fig. 36, and for the large cylinder DCFG . The volume in the 
large cylinder at cut-off is equal to the total volume of the small 
cylinder, since the large cylinder takes from the receiver the samo 
weight of steam that is exhausted by the small cylinder, anti, in 
this case, at the same pressure. 

The case just discussed is one extreme. The other extreme 
occurs when the small cylinder exhausts directly Into the largo 
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cylinder without an intermediate receiver. In such engines the 
pistons must begin and end their strokes together. They may 
both act on the beam of a beam engine, or they may act on one 
crank or on two cranks opposite each other. 

For such an engine, A BCD, Fig. 37, is the diagram for the 
small cylinder. The steam line and expansion line AB and BC 
are like those of a simple engine. When the piston of the small 
cylinder begins the return stroke, communication is opened with 
the large cylinder, and the steam passes from one to the other, 
and expands to the amount of the difference of the volume, it 
being assumed that the communication remains open to the end 
of the stroke. The back- pressure line CD for the small cylinder, 
and the admission line HI for the large cylinder, gradually fall 
on account of this expansion. The diagram for the large cylin- 
der is HI KG, which is turned toward the left for convenience. 

To combine the two diagrams, draw the line abed , parallel to 
V’O V, and from b lay off bd equal to ca\ then d is one point of the 
expansion curve of the combined diagram. The point C corre- 
sponds with II, and E, corresponding with /, is as far to the right 
as / is to the left. 

For a non-conducting cylinder, the combined diagram for a 
compound engine, whether with or without a receiver, is the same 
as that for a simple engine which has a cylinder the same size 
as the large cylinder of the compound engine, and which takes 
at each stroke the same volume of steam as the small cylinder, 
and at the same pressure. The only advantage gained by the 
addition of the small cylinder to such an engine is a more even 
distribution of work during the stroke, and a smaller initial stress 
on the crank-pin. 

Compound engines may be divided into two classes — those 
with a receiver and those without a receiver; the latter arc called 
“Woolf engines ” on the continent of Europe. Engines without 
a received must have the pistons begin and end their strokes at 
the same time; they may act on the same crank or on cranks 180° 
apart. The pistons of a receiver compound engine may make 
strokes in any order. A form of receiver compound engine with 
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two cylinders, commonly used in marine work, has the cranks j 
90° to give handiness and certainly of action. Large marii 
engines have been made with one small cylinder and two larj 
or low-pressure cylinders, both of which draw steam from tl 
receiver and exhaust to the condenser. Such engines usual 
have the cranks at 120°, though other arrangements have bc< 
made. 

Nearly all compound engines have a receiver, or a spa 
between the cylinders corresponding to one, and in no case 
the receiver of sufficient size to entirely prevent fluctuations 
pressure. In the later marine work the receiver has been men 
small, and frequently the steam-chests and connecting pipes ha 
been allowed to fulfil that function. This contraction of si 
involves greater fluctuations of pressure, but for other reasons 
appears to be favorable to economy. 

Under proper conditions there is a gain from using a coi 
pound engine instead of a simple engine, winch may amount 
ten per cent or more. This gain is to be attributed to the divisi 
of the change of temperature from that of the steam at ndmissi 
to that of exhaust into two singes, so that there is less Audi 
lion of temperature in a cylinder and consequently less int< 
change of heat between the steam and the walls of the cylind 

Compound Engine without Receiver. — The indicator-el 
grams from a compound engine without a receiver are rep: 

sented by Fig. 38. The steam line and expa 
sion line of the small cylinder, AB and J?C, 
not differ from those of a simple engine. At 
the exhaust opens, and the steam sudd or 
expands into the space between the cylindi 
and the clearance of the large cylinder, ancl f 
pressure falls from C to D . During the rctv 
stroke the volume in the large cylinder increases more ruph 
than that of the small cylinder decreases, so that the back-prc 
ure line DE gradually fulls, as docs also the admission line \ 
of the large cylinder, the difference between these two lines be: 
due to the resistance to the flow of steam from one to the otli 
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At E the communication between the two cylinders is closed by 
the cut-off of the large cylinder; the steam is then compressed 
in the small cylinder and the space between the two cylinders 
to F, at which the exhaust of the small cylinder closes; and the 
remainder of the diagram FGA is like that of a simple engine. 
From /, the point of cut-off of the large cylinder, the remainder 
of the diagram IKLMNH is like the same part of the diagram 
of a simple engine. 

The difference between the lines ED and HI and the “ drop ” 
CD at the end of the stroke of the small piston indicate waste 
or losses of efficiency. The compression EFG and the accom- 
panying independent expansion IK in the large cylinder show a 
loss of power when compared with a diagram like Fig. 37 for an 
engine which has no clearance or intermediate space; but com- 
pression is required to fill waste spaces with steam. The com- 
pression EF is required to reduce the drop CD, and the compres- 
sion EG fills the clearance in anticipation of the next supply from 
the boiler. Neither compression 
is complete in Fig. 38. 

Diagrams from a pumping en- 
gine at Lawrence, Massachusetts, 
are shown by Fig. 39. The 
rounding of corners clue to the 
indicator makes it difficult to de- 
termine the location of points like 
D, E , F, and I on Fig. 38. The 
low-pressure diagram is taken 
with a weak spring, and so has an 
exaggerated height. 

Compound Engine with Receiver. — It has already been 
pointed out that some receiver space is required if the cranks 
of a compound engine are to be placed at right angles. When 
the receiver space is small, as on most marine engines, the fluc- 
tuations of pressure in the receiver are very notable. This is 
exhibited by the diagrams in Fig. 40, which were taken from a 
yacht engine. An intelligent conception of the causes and meaning 
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of such fluctuations can be best obtained by constructing ideal 
diagrams for special eases, as explained on page 164. 

Triple and Quadruple Expansion- 
Engines. — The same influences which 
introduced the compound engines, when 
the common steam-pressure changed 
from forty to eighty pounds to the 
square inch, have brought in the succes- 
sive expansion through three cylinders 
(the high-pressure, intermediate, and 
low-pressure cylinders) now that 150 to 200 pounds pressure arc 
employed. Just as three or more cylinders arc combined in 
various ways for compound engines, so four, five, or six cylinders 
have been arranged in various manners for triple-expansion 
engines; the customary arrangement has three cylinders with the 
cranks at 180 0 . 

Quadruple engines with four successive expansions have been 
employed with high-pressure steam, but with the advisable 
pressures for present use the extra complication and friction 
make it a doubtful expedient. 

Total Expansion. — • In Figs. 36 and 37, representing the dia- 
grams for compound engines without clearance and without 
drop between the cylinders, the total expansion is the ratio of 
the volumes at E and at B\ that is, of the low-pressure piston dis- 
placement to the displacement developed by the high-pressure 
piston at cut-off. The same ratio is culled the total or equiva- 
lent expansion for any compound engine, though it may have 
both clearance and drop. Such a conventional total expansion 
is commonly given for compound and multiple-expansion engines, 
and is a convenience because it is rouglily equal to the ratio of 
the initial and terminal pressures; that is, of the pressure at 
cut-off in the high-pressure cylinder and at release in the low- 
pressure cylinder. It has no real significance, and is not equiva- 
lent to the expansion in the cylinder of a simple engine, by which 
we mean the ratio of the volume at release to that at cut-o(T, tak- 
ing account of clearance. And further, since the clearance of 
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the high- and the low-pressure cylinders are different there can 
be no real equivalent expansion. 

It the ratio of the cylinders is R and the cut-off of the high- 

pressure cylinder is at ~ of the stroke, then the total expansion 
is represented by c 


- = R + E. 

e 


This last equation is useful in determining approximately the 
cut-off of the high-pressure cylinder. 

For example if the initial pressure is ioo pounds absolute and 
the terminal pressure is to be ro pounds absolute, then the total 
expansions will be about 10. If the ratio of the cylinders is 
3J, then the high-pressure cut-off will be about 

“ " 3 i + 10 “ o -35 

of the stroke. 

Low-pressure Cut-off. — The cut-off of the low-pressure 
cylinders in Figs. 36 and 37 is controlled by the ratio of the 
cylinders, since the volumes in the low-pressure cylinder at cut- 
off is in each case made equal to the high-pressure piston dis- 
placement; this is done to avoid a drop. If the cut-off were 
lengthened there would be a loss of pressure or drop at the end 
of the stroke of the high-pressure 
piston, as is shown by Fig. 41, 
for an engine with a large receiver 
and no clearance. Such a drop will 
have some effect on the character of 
the expansion line C"F of the low- 
pressure cylinder, both for a non-con- 
ducting and 'for the actual engine 
with or without a clearance. Its 
principal effect will, however, be on 
the distribution of. work between the cylinders; for it is evident 
that if the cut-off of the low-pressure cylinder is shortened the 
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pressure at C" will be increased because the same weight of steam | 

is taken in a smaller volume, The back-pressure DC of the | 

high-pressure cylinder will bo raised and the work will be | 

diminished; while the forward pressure DC of the low- I 

pressure cylinder will be raised, increasing the work in that I 

cylinder. 1 

Ratio of Cylinders. — In designing compound engines, more 
especially for marine work, it is deemed important for the smooth 
action of the engine that the total work shall be evenly distributed 
upon the several cranks of the engines, and that the maximum 
pressure on each of the cranks shall he the same, and shall not 
be excessive. In case two or more pistons act on one crank, 
the total work and the resultant pressure on those pistons arc 
to be considered; but more commonly each piston acts on a 
separate crank, and then the work and pressure on the several 
pistons are to be considered. 

In practice both the ratio of the cylinders and the total expan- 
sions are assumed, and then the distribution of work and the 
maximum loads on the crank-pins are calculated, allowing for 
clearance and compression. Designers of engines usually have 
a sufficient number of good examples at hand to enable them 
to assume these data. In default of such data it may be ncccs- 
sary to assume proportions, to make preliminary calculations, 
and to revise the proportions till satisfactory results arc obtained. 

For compound engines using 80 pounds steam -pressure the ratio 
is i : 3 or x : 4. For triple-expansion engines the cylinders may 
be made to Increase in the ratio t : 2 or 1 : 2 If. 

Approximate Indicator-Diagrams. — The indicator-diagrams 
from some compound and multiple-expansion engines arc irreg- 
ular and apparently erratic, depending on the secptcnce of. the 
cranks, the action of the valves, and the relative volumes of tho 
cylinders and the receiver spaces. A good idea of the effects and 
relations of these several influences can he obtained by making 
approximate calculations of pressures at the proper parts of the 
diagrams by a method which will now be Illustrated. 

For such a calculation It will be assumed Ihal all expansion 
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limes are rectangular hyperbolic, and in general that any change 
Df volume will cause the pressure to change inversely as the 
volume. Further, it will be assumed that when communication 
is opened between two volumes where the pressures are different, 
the resultant pressure may be calculated by adding together the 
products of each volume by its pressure, and dividing by the sum 
of the volumes. Thus if the pressure in a cylinder having the 
volume v c is p C) and if the pressure is p r in a receiver where 
the volume is v n then after the valve opens communication from 
the cylinder to the receiver the pressure will be 

. = PcVc + PrVr ' 

V V c + Vr 

The same method will be used when three volumes are put into 
communication. 

It will be assumed that there arc no losses of pressure due to 
throttling or wire-drawing; thus the steam line for the high- 
pressure cylinder will be drawn at the full boiler-pressure, and 
the back-pressure line in the low-pressure cylinder will be drawn 
to correspond with the vacuum in the condenser. Again, cylin- 
ders and receiver spaces in communication will be assumed to 
have the same pressure. 

For sake of simplicity the motions of pistons will be assumed 
to be harmonic. 

Diagrams constructed in this way will never be realized in 
any engine; the degree of discrepancy will depend on the type 
of engine and the speed of rotation. For slow-specd pumping- 
engines the discrepancy is small and all irregularities are easily 
accounted for. On the other hand the discrepancies are large 
for high-speed marine-engines, and for compound locomotives 
they almost prevent the recognition of the events of the stroke. 

Direct- expansion Engine. — If the two pistons of a compound 
engine move together or in opposite directions the diagrams 
are like those shown by Fig. 42. Steam is admitted to the high- 
pressure cylinder from a to b\ cut-off occurs at b , and be repre- 
sents expansion to the end of the stroke; be being a rectangular 
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hyperbola referred to the axes O V and OP , from which a, b t 
c are laid off to represent absolute pressures and volumes, incl 
ing clearance. 



At the end of the stroke release from the high-pres 
cylinder and admission to the low-pressure cylinder are imsu 
to lake place, so that communication is opened from the 1 
pressure cylinder through' the receiver space into tho low-p 
urc cylinder. As a consequence the pressure falls from c 1 
and rises from n to h in the low-pressure cylinder. The 
O'P' is drawn at a distance from OP , which corresponds tc 
volume of the receiver space, and the low-pressure ditigra 
referred to O'P' and O' V' as axes. 

The communication between the cylinders is maintained 
cut-off occurs at i for the low-pressure cylinder. The lim 
and hi represent the transfer of steam from the high-pro 
to the low-pressure cylinder, together with the expansion d’ 
the increased size of the large cylinder. After the cut-off 
the largo cylinder is shut off from the receiver, and the sten 
it expands to the end of the stroke. The back-pressure 
compression lines for that cylinder arc not affected by compc 
ing, and arc like those of a simple engine. Meanwhile the 
piston compresses steam into the receiver, as represenlc 
eft till compression occurs, after which compression inti 
clearance space is represented by Jg, The expansion and 
pression lines ik and mn arc drawn ns hyperbolic referred 1 
axes O'P ' and O' V, The compression line cj is drawn as an I 
bola referred to O'V and O'P', while fg is referred to OV and 
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In Fig. 42 (he two diagrams are drawn with the same wale 
for volume and pressure, and are placed so as to show to the 
eye the relations of the diagrams to each other. Diagrams 
taken from such an engine resemble those of Fig. 30, which 
have the snmc length, and different vertical stales depending 
on (he springs used in the indicators. 

Some engines have only one valve to give release and com 
pression for the high-pressure cylinder and admission and cut 
off for the low-pressure cylinder. In such ease there is no 
receiver space, and the points c and / coincide. 

When (he receiver is closed by the compression of the high 
pressure cylinder it is filled with steam with the prepare repre- 
sented by /. It is assumed that the pressure in the miivrr 
remains unchanged till lire receiver is opened at the end of the 
stroke. It is evident that the droyn/ may he reduced h\ -.hurl 
cninglhc cut-off of the low-pressure cylinder so ns to give more 
compression from c to / and consequently a higher prepare at 
/ when the receiver is closed. 

Representing the pressure and volume at the several point* 
by p and v with appropriate subscript letters, and represent 
ing the volume of the receiver by v n we have the following 
equations: 

pn ^ pb Ba initial pressure; 
pi = /;„,«* back- pressure; 

Pc -» phVt, -v* V v ) 

Pn - p„ t v m -h v n ; 

Pa - pk - (/Wr ‘I* p n v n b p/ tv) -h (v t 4 . i». | i V )j 
p» m A Pd ( v c + % + ?V) * ( v „ b V, •}■ tv); 
pj “ pe *1* v,.) -f (Vf I- tv); 

Po - P/Vy + V 0 \ 

Pk 00 p<V ( 4- V k . 

The pressures p 0 and p n can lie calculated dim tJy. Then the 
equations for />,„ p 6t and p f form a set of three »irmilntnc„tH 
equations with three unknown quantities, which can be easily 
solved. Finally, p v and />* may be calculated directly. 




For example, let us find die approximate diagram for a direct-, 
expansion engine which 1ms the low-pressure piston displacement 
equal to three times the high-pressure piston displacement. 
Assume that the receiver space is half (lie smaller piston dis- 
placement, and that the clearance for each cylinder is one-lenlh 
of the corresponding piston displacement. Let the cul-olT for 
each cylinder be at half-stroke, and the compression at nine- 
tenths of the stroke; let the admission and release be at the end 
of the stroke. Let the initial pressure be 65.3 pounds by the 
gauge or 80 pounds absolute, and let the back-pressure be two 
pounds absolute. 

If the volume of the high-pressure piston displacement be 
taken as unity, then the several required volumes arc: 

v b = 0.5 +0.1 — 0.6 Vf , =* v n = 3 X 0.1 « 0.3 

% = ~ 1.0 L 0.1 « 1. 1 • v { ■» 3 (0,5 -P 0.1) = 1.8 

v t — 0.3 d* 0.1 = 0.6 Vh = V / 3 (1 .0 -|- 0.1 ) *** 3,3 

v f = 0.1 -p 0.1 = 0.2 v„, «=» 3 (0.1 -I- 0.1) *=< 0,6 

Vy — 0,1 1 / v n 0,![ 

The pressures may be calculated as follows: 

P» = Pb == 80; p t = p ni 2; 

pc = pb^b + v o = 80 X 0.6 4- 1. 1 <=» 43.6; 

Pn = Pm v »i + V„ = 2 X O.C 4- O.3 4; 

P» ” Af {V e + V n 4 - V,.) 4- ( V e -p V t -P V r ) =■ p, t (l.I -p 0.3 * 4 * O.5) 

*** (°-6 *h *P 0.5) ■=» 0.655 P'tt 
P; = p e ( V e -p V r ) 4 - (V/ -P V r ) => p e (0.6 -P O.5) 4 - (0,2 d* O.5) 

I -S 7 P* = 1-57 X °.655 P* « 1.03 A*J 
Pd “ (M + Mi + MO + (v c + -p V r ) 

” (80 x 0.6 -p 4 X 0.3 + 0.5 pf ) + (0.6 d- 0.3 -p 0.5) 

= 25,89 -f 0.26 p f \ 

p<i - 25.89 + 0,26 x 1.03 pa, Pa « 35,36; 

Pe ^ Pi = 0.655 A/ = 0.655 X 35.36 - 23.2; 

Pf “ 1.03 A = 1.03 x 35.36 « 36.5; 

A - M- + % *= 36.5 x 0.2 + 0.1 « 73; 

Pt = A v < v* — 23.2 x t. 8 4- 3.3 » 12.6. 
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As the pressures and volumes are now known the diagrams 
of Fig. 42 may be drawn to scale. Or, if preferred, diagrams 
like Fig. 39 may be drawn, making them of the same length and 
using convenient vertical scales of pressure. If the engine runs 
slowly and has abundant valves and passages the diagrams 
thus obtained will be very nearly like those taken from the engine 
by indicators. If losses of pressure in valves and passages are 
allowed for, a closer approximation can be made. 

The mean effective pressures of the diagrams may be readily 
obtained by the aid of a planimcter, and may be used for esti- 
mating the power of the engine. For this purpose we should 
either use the modified diagrams allowing for losses of pressure, 
or we should affect the mean ell active pressures by a multiplier 
obtained by comparison' of the approximate with the actual dia- 
grams from engines of the same type. For a siow-speed pump- 
ing-engine the multiplier may be as large as 0.9 or even more; 
for high-speed engines it may be as small as 0.6. 

The mean effective pressures of the diagrams may be calcu- 
lated from the volumes and pressures if desired, assuming, of 
course, that the several expansion and compression curves are 
hypcrbolte. The process can be best explained by applying it 
to the example already considered. Begin by finding the mean 
pressure during the transfer of steam from the high-pressure 
cylinder to the low-pressure cylinder as represented by de and hi. 
The net effective work during the transfer is 


f? dv 


“ ft V l = 144 n + »» + Vr) fog. 

- 144 X 35.4(1.1 +0.3 +0.5) log J * °'S 

I.I -r 0.3 -+* 0.5 

= 4120 foot-pounds 


for each cubic foot of displacement of the high-pressure piston. 
This corresponds with our previous assumption of unity for the 
displacement of that piston. The increase of volume is 



v t +Vi+v r - (vj-hv A -hv r ) =0.6 -Hr. 8 -Ho. 5- (1.1 -F0.3 +0.5) = 1 ; 



so that the mean pressure miring uiu umiww 


4120 ■+■ 1 X 144 3=1 2 ^.6 » p x 

pounds per square inch, which acts on bolh the High- and the 
low-pressure pistons. 

The effective work for the small cylinder is obtained by add- 
ing the works under ab and be and subtracting the works under 
</e, c/, and fg. So that 

Wil 144 | /># (v — v.) -b ptVt log, ^ — />« (vj — V.) 

“ h (V, -I- Vr) ^ - P/Vf *<>K« \ j 

- 144 1 80 (0.6 - 0.1) 4- 8o X 0.6 tog, '-Jr- - 0.6) 

~ 23.2 {0.6 -b 0.5) tog, ^ - 3 fi *S X o.a *««• - T j 

— 144 X 33.36 «“ 4789 foot'jjoumja. 


This is the work for each cubic foot of the high-pressure piston 
displacement, and the mean effective pressure on the small piston 
is evidently 33.26 pounds per square inch. 

In a like manner the work of the large piston is 


Wl «=* M4 
- 144 


j />, (v< - V„) -i- p{V K log, ~ ~ pi (VI - v m ) - p m Vm log! 
1 28.6 (1.8 — 0.3) -1- 33.3 x 1 .8 log, 


- 3 (3-3 - °- 6 ) ~ 3 X o 



144 x 61,93 


8<>i6 fool*j)ouiuls. 


Since the ratio of the piston displacements is 3, the work for 
each cubic foot of the low-pressure piston displacement is one-third 
of the work just calculated; and the mean effective pressure on 
the large piston is 

61.92 + 3 «* 20.64 
pounds per square inch. 

The proportions given in the example lead to a very uneven 
distribution of work; that of the large cylinder being nearly 
twice as much as is developed in the small cylinder. The dis- 
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tribution can be improved by lengthening the cut-off of the 
large cylinder, or by changing the proportions of the engine. 

As has already been pointed out, the works just calculated 
and the corresponding mean effective pressures are in excess 
of those that will be actually developed, and must be affected 
by multipliers which may vary from 0.6 to 0.9, depending on 
the type and speed of the engine. 

Cross-compound Engine, — A two-cylinder compound engine 
with pistons connected to cranks at right angles with each other 
is frequently called a cross-compound engine, Unless a large 
receiver is placed between the cylinders the pressure in the space 
between the cylinders will vary widely. 

Two cases arise in the discussion of tin's engine according as 
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he cut-off of the large cylinder is earlier or later than half-stroke; 
n the latter case there Is a species of double admission to the 
ow-pressure cylinder, as Is shown In Mg, <13. For sake of 
implicily the release, and also the admission for each cylinder, 
s assumed to be at the end of the stroke. If the release is early 
he double admission occurs before half-stroke. 

The admission and expansion of steam for the high-pressure 
yllndcr arc represented by ab and be, At c release occurs, 
anting the small cylinder In communication with the inter- 
mediate receiver, which is then open to the large cylinder, There 
5 a drop at cd and a corresponding rise of pressure mn on the 
irgc piston, which is (hen at half-stroke; it will be assumed 
hat the pressures at d and at u arc identical. From d to e the 



ijp! 


' :•> -i 


steam is transferred from the small to the large cylinder, and 
the pressure falls because the volume increases; no is the corre- 
sponding line on the low-pressure diagram. The cut-off at o 
for the large cylinder interrupts this transfer, and steam is then 
compressed by the small piston into the intermediate receiver 
with a rise of pressure as represented by vj. The admission to 
the large cylinder, tk , occurs when the small piston is at the 
middle of its stroke, and causes a drop, fg, in the small cylinder. 
From g to h steam is transferred through the receiver from the 
small to the large cylinder. The pressure rises at first because 
the small piston moves rapidly while the large one moves slowly 
until its crank gels away from the dead-point; afterwards the 
pressure falls. The line kl represents this action on the low- 
pressure diagram. At h compression occurs for the small 
cylinder, and hi shows the rise of pressure due to compression. 
For the large cylinder the line lm represents the supply of steam 
from the receiver, with falling pressure which lasts till the double 
admission at inn occurs. 

The expansion, release, exhaust, and compression in the large 
cylinder are not affected by compounding. 

Strictly, the two parts of the diagram for the low-pressure 
cylinder, mnopq and slklnt, belong to opposite ends of the cylin- 
der, one belonging to the head end and one to the crank end. 
With harmonic motion the diagrams from the two ends arc 
identical, and no confusion need arise from our neglect to deter- 
mine which end of the large cylinder we arc dealing with at any 
time. Such an analysis for the two ends of the cylinder, taking 
account of the irregularity due to the action of the connccllng- 
rod, would lead to a complexity that would be unprofitable. 

A ready way of finding corresponding positions of two pistons 
connected to cranks at right angles with each other is by aid 
of the diagram of Fig. 44. Let 0 be the centre of the crank- 
shaft and pR v R x q be the path of the crank-pin. When one piston 
has the displacement py and its crank is at OR v , the other crank 
may be 90° ahead at OR x and the corresponding piston displace- 
ment will be px. The same construction may be used if the 
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crank is 90° behind or if the angle Ji,OR x is other than a right 
angle. The actual piston position and crank angles when 
affected by the ir/egularity due to the 
connecting-rod will differ from those found 
by this method, but the positions found 
by such a diagram will represent the aver- v 
age positions very nearly. 

The several pressures may be found us 
follows: y 

p b « p u .» initial pressure; 

p, » p q back- pressure; 

pc ~ pipb + v«\ 

p ( - M * 

pet 8=3 pH ^ I Pc^c T T t' r ) [ 'S' (Vf ! ! • r); 

p» « po 3=3 Pei {V* T v Hi J- v r ) y (tv ) t m j v, 1; 

p f - A ( v - 'J* *v) + i v / ’!■ tv); 

A - Pk “ J Pj (V/ T IV) T p,v,\ -v* (V/ t v, } tv); 

pu - pi Pi, Oa *1* i'i !• tv) -»■ (n 1 n 1 v,); 

A, 285 A -I- tv) + (tv, h tv); 

’Pi ■» M -v- t\; 

Pi, ~ p„Vn * *y 

The pressures A and A» cun be found directly from the initial 
pressure and the back* pressure, and finally the Inst two rtpm 
lions give direct calculations for p t and p,, so soon a* A and />„ 
arc found. There remain six equations containing six unknown 
quantities, which can be readily solved after numerical values 
arc assigned to the known pressures and lo all the volumes 

The expansion and compression lines, he and hi, for the high 
pressure diagrams are hyperbolic referred to ihe axe* f)T and 
OP; and in like manner the expansion and compression line* up 
and st, for the low-pressure diagram, are hyperbolic referred to 
O’V and O'P'. The curve r/h at) hyperbola referred to ()• y and 
O'P', and the curve Im is an hyperbola referred to OY* and 
OP. The transfer lines tie, and no, gh and hi, are imi hyprr 
bolaj. They may be plotted point by point by finding u»rrc- 




spomling intermediate piston positions, p x and p v , by aid of Fig. 
44, and then calculating the pressure for these positions by the 
equation 

Ar “ Pv « pd (Vd -I* + v <-) + ( v * "I* V v *h v > •)• 


The work and mean effective pressure may be calculated in a 
manner similar to that given for the direct-expansion engine; 
but the calculation is tedious, and involves two transfers, de and 
no, and gh and kl. The first involves only an expansion, and 
presents no special difficulty; the second consists of a compres- 
sion and an expansion, which can be dealt with most conveniently 
by a graphical construction. Ail things considered, it is belter 
to plot the diagrams to scale and determine the areas and mean 
effective pressures by aid of a planimeter. 

If the cut-off of tire low-pressure is curlier Limn half-stroke so 
as to precede the release of the high-pressure cylinder the transfer 
represented by de and no, Fig. 43, does not occur. Instead there 
is a compression from d to / and an expansion from I to m, The 
number of unknown quantities and the number of equations are 
reduced. On the other hand, a release before the end of the 
stroke of the high-pressure piston requires an additional unknown 
quantity and one more equation. 

Triple Engines. — • The diagrams from triple and other mul- 
tiple-expansion engines arc likely to show much irregularity, the 
form depending on the number and arrange- 
ment of the cylinders and the sequence of the 
cranks. A common arrangement for a triple 
engine is to have three pistons acting on 
cranks set equidistant around the circle, as 
shown by Fig. 45. Two cases arise depending 
on the sequence of the cranks, which may be 
in the order, from one end of the engine, of 
high-pressure, low-pressure, and intermediate, as shown by Fig. 
•45; or in the order of high-pressure, intermediate, and low- 
pressure. 

With the cranks in the order, high-pressure, low-pressure, and 
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intermediate, as shown by Fig. 45. the diagrams arc like those 
given by Fig. 46 . The admission and expansion for the high- 
pressure cylinder arc represented by abc . When the high- 
pressure piston is at release, its crank is at IT, Fig. 45 , and the 
intermediate crank is at /, so that the intermediate piston is 
near half-stroke. If the cut-olT for that cylinder is later than 



Pin. 46. 


half-stroke, it is in communication with the first receiver when 
its crank is at /, and steam may pass through the first receiver 
from the high-pressure to the intermediate cylinder, and there is 
a drop cd } and a corresponding rise of pressure no in the inter- 
mediate cylinder. The transfer continues till cut-off for tho 



uu^vmuinuv \y 10 I^C piston 

position c for the high-pressure cylinder. From the position e 
the high-pressure piston moves to the end of the stroke at f, 
causing an expansion, and then starts to return, causing the 
compression fg. When the high-pressure piston is at g the 
intermediate cylinder lakes steam at the oilier end, causing the 
drop gh and the rise of pressure xl. Then follows a transfer of 
steam from the high-pressure to the intermediate cylinder repre- 
sented by In and hn. At i the high-pressure compression ik 
begins, and is carried so far as to produce a loop at k. After 
compression for the high-pressure cylinder shuts it from the 
first receiver, the steam in that receiver and in the intermediate 
cylinder expands as shown by inn. The expansion in the inter- 
mediate cylinder is represented by pq and the release by qr } 
corresponding to a rise of pressure «/? in the low-pressure cylin- 
der. rs and /fy represent a transfer of steam from the inter- 
mediate cylinder to the low-pressure cylinder. The remainder 
of the bnck- pressure line of the intermediate cylinder ami the 
upper part of the low-pressure diagram for the low-pressure 
cylinder correspond to the same parts of the high-pressure and 
the intermediate cylinders, so that a statement of the actions in 
detail does not appear necessary. 

The equations for calculating the pressure arc numerous, but 
they are not difficult to stale, and the solution for a given exam- 
ple presents no special difficulty. Thus we have 


llllll: 


mm m 

IjHbf ! ft 

flip 

iill 

Mil H 


HR I 


(RH 

lillllf 



ft* ^ pt, «■* tniitnl pressure; 
p. «•* (HVk •+■ v, *, 


Vp «■ vol. first receiver; 
vol. second receiver; 


L /* ■=> lu — { p.V. -I- />« (v» -\-Vp) 1 -4- (Vj +V. -hVr )\ 
ft, .<* ftp <rc> [14 (in -|- Vi 'I ‘Vp) -4- (V. • (- Vp -f Vp)\ 

/>/ ■" !>. (v. + Vfl ) -'r (V/ -J- Vp)', 

f>p ** />/ (V/ -I- Vp) -1- (v t -|- Vp)', 

lit f>\ ^ [>t ™ f l‘t(Vp -1- Vp) ptVa ( -4- (Vt, -|- Vi -I- Vp)', 

pi M p n kw p„ (vs -I- Vi -I* Vp) -4- (Vi Vp)’, 

ft k ea pflu -4* Vk ; 

p* 63 pm (vm. + Vp) -4- (v H -I* Vp)', 

Pi M Pv v v + ; 
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1/7. pf = Pp «=> f/yVj + 1>* (v, + Vjj)j -T- (iv +V. +Vjy)j 

/>. =■ Py « /v(v r + W» Vtt) "5- (V s + Vy + V fl )j 

/>< - p, (V, + Vjj) + {V, + K R )j 
P* “ Pi (*/« + Vft) + (v* + V R )\ 

IV. />, = I p« (v« + v R ) +■ pi/Uijj -f- (t\ -4- uq -f- Vjj); 

P» = />* (v, + v, + v n ) -h (vv, 4- i>, + x»*); 

=s *r Vk f 

P* = (V. + -4- (-W. 4- v*); 

pi *= PyVy -4- U4J 

P* ^ P( back-pressure; 

' = Pcvz"* v ^’ 


The pressures at c and at ? can be calculated immediately 
r rom the initial pressure and from the back-pressure. Then it 
will be recognized that there are four individual equations for 
finding p f> p it p t , and p s . The fourteen remaining equations, 
solved as simultaneous equations, give the corresponding four- 
teen required pressures, some of which are used in calculating 
the four pressures which are determined by the four individual 
equations. The most ready solution may be made by contin- 
uous substitution in the four equations which are numbered at the 
left hand. Thus for p v in equation II, we may substitute, 


(7 


= P/ 


Vf + Up 
v g + Ve 


p V * + V 0 v f + V P = p V d + V o + V * V *+ V o . 

* V/ + Vp v Q 4- v p A v e +v p + vp v g +v fi 


In the actual computation the several volumes and the proper 
sums of volumes arc to be first determined; consequently the 
factors following p d will be numerical factors which may be con- 
veniently reduced to the lowest terms before introduction in the 
equation. This system of substitution will give almost immedi- 
ately four equations with four unknown quantities which may 
readily be solved; after which the determination of individual 
pressures will be easy. In handling these equations the letters 
representing smaller pressures should be eliminated first, thus 
giving values of higher pressure like p d to tenths of a pound; 
afterward the lower pressure can be determined to a like degree 





oi accuracy. A skilled computer may make a complete solu- 
tion of such a problem in two or three hours, which is not exces- 
sive for an engineering method. 

Jf the cut-olT for the intermediate cylinder occurs before the 
release of the high-pressure cylinder, then the transfer represented 
by de and op docs not occur. In like manner, if the cut-off for 
the low-pressure cylinder occurs before the release for the inter- 
mediate cylinder, the transfer represented by rs and f) y does 
not occur. The omission of a transfer of course simplifies the 
work of deducing and of solving equations. 

In much the same way, equations may be deduced for cal- 
culating pressures when the cranks have the secjucncc high- 
pressure, intermediate, unci low-pressure. The diagrams take 
forms which arc distinctly unlike those for the other sequence of 
cranks. In general, the ease solved, i.e., high-pressure, low- 
pressure, and intermediate, gives a smoother action for the 
engine. 

For example , the engines of the U. S. S. Uachm have the 
following dimensions and proportions: 


Diameter of piston, Inches . , 
Piston displacement, cubic feet 

Cloarnnco, por cont 

Cut-olT, por coni stroke . . . , 


Itlgh- 

inter* 

1,0 w 

proMurm 

mediate. 

preeiure. 


33) 

35 

3.71 

S * S3 


1.1 

M 

7 

, 66 

66 

66 

9J 

03 

93 

18 

18 

t8 

X 

3.0-1 

4.94 


Ratio of piston displacements 


Volumo first receiver, cubic feel 3i a3 

Volume second rccolvor, cubic foot ^a6 

Ratio of receiver volumes to high-pressure piston dis- 
placement ><3I 

Stroke, Inches 3>( 

Boiler-pressure, absolute, pounds por sq, In ,g 0 

Pressure In condenser, pounds per sq. In a 

If the volume of the high-pressure piston displacement • is 
taken to be unity, then the volumes required in tho equations for 
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„ have lUc order high* 


calculating pressures, 
pressure, low-pressure, 

V b m 0,79 
y e m Vd *“ I .06 
V e ** 1 .10 

Vj *® 1.13 

1} at Vk «=> 0.88 

Vj «* 0 - 3 1 

!), * H, "> 0.13 


and intermediate, 

Vj *»« t/, «■“ o-ap 

v w "■ o* 9 ^ 

<y 8 »j l/g r,!5! 1 
V p **• T .63 

H <S 31 1 > r ®® 3 . 1 8 

l/, W 3.38 

v, ~ 2*33 
V H M V| i *85 
v* wa O.63 


arc as follows : 


V v ** 

#aa 

*1 

0*35 

1) t B*a 

3.03 


Va ** 

«U^ SS3 

2.72 

1 /y «®» 

3.60 


j p.'d 


4.94 

<y^ tras 

1.33 






Pa = pt>~ 

IS© 

Pk c 165 


P» == 

p t => 25.6 

pc = I I 2 


p n = 60.0 


Pt “ 

52.3 

Pd = Po ~ 

76.5 

Po = 50.5 


P* - 

22.1 

Pe = Pp ” 

6 7 -S 

Pr=Pp =s 

28.3 

Pi - 

I8.5 

Pf = 6 7‘5 


Pt ~ Py ~ 

2 5-3 

P' = 

vn 

II 

Po = 76.9 


Pt = 25.I 


Pn - 

17.6 , 

ph — pt = 

73-5 

Pu = 29.O 




pi - pm ~ 

69-3 

Pv = Pv = 

28.2 ' 




Diagrams with the volumes and pressures corresponding to 
this example are plotted in Fig. 46 with convenient vertical 
scales. Actual indicator-diagrams taken from the engine arc 
given by Fig. 47. The events of the stroke come at slightly 
different piston positions on account of the irregularity due to 
the connecting-rod, and the drops and other fluctuations of 
pressure arc gradual instead of sudden; moreover, there is con- 
siderable loss of pressure from the boiler to the engine, from, one 
cylinder to another, and from the low-pressure cylinder to the 
condenser. Nevertheless the general forms of the diagrams arc 
easily recognized, and all apparent erratic variations arc 
accounted for. 

Designing Compound Engines. — The designer of compound 
and multiple-expansion engines should have at hand a well- 
systematized fund of information concerning the sizes, pro- 
portions, and powers of such engines, together with actual 
indicator-diagrams. He may then, by a more or less direct 
method of interpolation or exterpolation, assign the dimensions 
and proportions to a new design, and can, if deemed advisable, 
draw or determine a set of probable indicator-diagrams for the 
new engines. If the new design differs much from the engines 
for which he has information, he may determine approximate 
diagrams both for an actual engine from which indicator-dia- 
grams are at hand, and for the new design. He may then 
sketch diagrams for the new engine, using the approximate 


DESIGNING COMPOUND ENGINES jyg 

diagrams as a basis and taking a comparison of ihc approximate 
and actual diagrams from the engine already (mill, as a guide. 
It is convenient to prepare and use a table showing the ratios of 
actual mean effective pressures and approximate mean effective 
pressures. Such a table enables the designer to assign mean 
effective pressures to a cylinder of the new engine and to infer 
very closely what its horse-power will be. It is also very useful 
as a check in sketching probable diagrams for a new engine, 
which diagrams are not only useful in estimating the power of the 
new engine, but in calculating stresses on the members of that 
engine. 

A rough approximation of the power of an engine may bo 
made by calculating the power as though the total or equivalent 
expansion took place in (he low-pressure cylinder, neglecting 
clearance and compression. The power thus found is to be 
affected by a factor which according to the size and type of the 
engine may vary from 0.6 to 0.9 for compound engines and from 
0.5 to 0.8 for triple engines, Seaton and Rounlhwnile * give the 
following table of multipliers for compound marine engines: 

MUI/HFUKRS FOR. FINDING lMUJHAlU.K M.K.P. COMPOUND 
AND Till I 1 Mi MARINE ENGINES, 



Daicrlptlon o( Ktiglnu. 


JacVelotl. 


UnJnoktUtt. 


Recclvor-compotiml, scrmv-eiiglties 

Rccoivcr-compoutul, paddla-englnc'i 

Direct expansion 

Throc-cyiindcr triple, merchant alupi 

Three-cylinder triple, naval vessels 

Threc-cytlndcr triple, guntmat* and torpcdn-lxmu 


0.67 l<> 0. 73 


0.64 In 0.6ft 

0.55 mo. 65 


0.5ft to 0.6ft 
0.55 to 0.65 
0.71 to 0.75 
0.60 to 0 . GO 


0.60 to 0.67 


Forexampky let the boiler- press urc be 80 pounds by the gauge, 
or 94.7 pounds absolute; let the back-pressure be 4 pounds 
absolute; and (cl the total number of expansions be six, so that 
the volume of steam exhausted to the condenser is six times the 
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volume admitted from the boiler. Neglecting the effect of clear- 
ance and compression, ihc mean effective pressure is 

<M -7 X i * 1 - 94.7 X h log„ f --<1X1 ««* .|0.o6 «** M.E.P. 

If the large cylinder is 30 inches in diameter, and the stroke 
is 4 feel, the horse-power at 60 revolutions per minute is 

7 r 30* 

X 40.06 X a X 4 X 60 + 33000 412 H.P, 

1/ the factor (0 be used in this nujc is 0.75, then the actual 
horse-power will be about 

0.75 X 400 » 300 H.P. 

Binary Engines. — Another form of compound engines using 
two fluids like steam and ether, was proposed bydu Trembly* in 
1850, to extend the lower range of temperature of vapor-engines, 
At that time the common steam-pressure was not far from thirty 
pounds by the gauge, corresponding to a temperature of 250° F. 
If the back- pressure of the engine be assumed to be 1.5 pounds 
absolute (115° I<\), the efficiency for Cafnot’s cycle would be 
approximately 

>n.5i 1 G&t 0,10. 

350 - 1 - 460 ^ 

If, however, by the use of a more volatile fluid the result at 
lower temperature could be reduced to 65° K, the efficiency 
could be increased to 


~ 0.20. 

250 4* 460 

At the present time when higher steam-pressures arc common, 
the comparison is less favorable. Thus the temperature of 
steam at 150 pounds by the gauge is 365° F., so that with r.5 

*Manuel <lu ConHucteur ties Machines 4 Vaporous combhUcs at* Machines 
Binaires, nlso Eanktne Steam Engine, p. 44,). 
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pounds absolute (or 115 0 l r 0 for the back-pressure the efficiency 
for Carnot’s cycle is 

3 6 S-.tJLLS. m 0 - 0 

365 -I- <|6o 

and for a resultant Icmpcralure of 65° F., the efficiency would be 

„ o, -}(\, 

365 -I- 460 

If a like gain of economy could be obtained in practice, it 
would represent a saving of 17 percent, which would be wr|j 
worth while. Further discussion of this matter of economy will 
be given in Chapter XT, in connection with experiment* on 
binary engines using steam and sulphur-dioxide. 

The practical arrangement of a binary engine substitutr* for 
the condenser an appliance having somewhat the same form as 
a tubular surface-condenser, the steam being condensed on the 
outside of the tubes and withdrawn in the form of water of con- 
densation at the bottom. Through the tubes Is forced the 

more volatile fluid, which is vnporiml much us it would be In it 

“water-tube” boiler. This vapor is then used in a cylinder 

differing in no essential from that for a steam-engine, and In turn 

is condensed in a surface-condenser which is cooler! with water 
at the lowest possible temperature. 

An Ideal arrangement for a binary engine avoiding the of 
air-pumps would appear to be the combination of a compound 
non-condensing steam-engine with a third cylinder on (he binary 
system which should have for its working substance a fluid that 
would give a convenient pressure at 31a 0 F,, ami a pressure 
somewhat above the atmosphere at 6o° F. There k no known 
fluid that gives both these conditions; thus ether at at a" t\ gives 
a pressures of about 96 pounds absolute, but its boiling jwlnl at 
atmospheric pressure is 9,1° F., consequently it would from 
necessity require a vacuum and an air-pump tinier the ether 
could be entirely freed from air, and leakage into the vacuum 
space entirely prevented. Sulphur*d loxidc gives a pressure of 


pounds UUSCHUIU III UU i’., SU umi it uui HUYftp wuifttu m a 

pressure above the atmosphere; but 21 2 0 F. would give an incon- 
venient pressure, and in practice it 1ms been found convenient 
to run the steam-engine with ft vacuum of 22 inches of mercury 
or about 4 pounds absolute, which gives a temperature of 155 0 F., 
at which sulphur-dioxide 1ms a pressure of 180 pounds per square 
inch by the gauge. 

The attempt of du Trembly to use ether for the second fluid 
in a binary engine did not result favorably, ns his fuel-con- 
sumption was not less than that of good engines of that time, 
which appears to indicate that he could not secure favorable 
conditions. 
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The principal object of tests of steam-engines is to determine 
the cost of power. Series of engine tests are made to 
determine the effect of certain conditions, such ns superheating 
and steam-jackets, on the economy of the engine. Again, tests 
may be made to investigate the interchanges of heal between the 
steam and the walls of the cylinder hy the aid of [Urn’s analysis, 
and thus find how certain conditions produce effects that are 
favorable or unfavorable to economy. 

The two main elements of an engine test are, then, the. meas- 
urement of the power developer) nnd the determination of the 
cost of the power in terms of thermal units, pounds of steam, or 
pounds of coal. Power is most commonly measured by aid of 
the steam-engine indicator, but the power delivered by the 
engine is sometimes determined |>y a dynamometer or a friction 
brake; sometimes, when an indicator cannot he used conven- 
iently, the dynamic or brake power only is determined. When 
the engine drivc.s n dynamo-elect ric generator the power applied 
to the generator may he determined electrically, and thus the 
power delivered hy the engine may Ik* known. 

When the cost of power is given in terms of coal per horse- 
power per hour, it is sufficient to weigh the coal for a definite 
period of lime. In such case a combined boiler and engine test 
is made, and all the methods and precautions for a careful boiler 
test Jttust be observed. The time required for such a test 
depends on the depth of the fire on the grate and the rate of 
combustion. For factory boilers the lest should be twenty-four 
hours long If exact results are desired. 

When the coat of power Is stated In terms of steam per horse- 
power per hour, one of two methods may be* followed. When 
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the engine has a surface-condenser the steam * 
engine is condensed, collected, and weigh* 
usually sufficient for tests under favorable c 
intervals, ten or fifteen minutes, give fairly 
The chief objection to this method is that the 
to leak water at the tube packings. Under fa. 
the results of tests by this method and by det ( 
water supplied to the boiler are substantially t] 
on non-condensing and on jet-condensing ei 
consumption is determined by weighing or rru 
water supplied to the boiler or boilers that fui 
engine. Steam used for any other purpose 
engine, for example, for pumping, heating, ot 
nations of the quality of the steam, must b< 
allowed for.* The most satisfactory way is 
weigh such steam; but small quantities, as 
quality by a steam calorimeter, may be gaugee 
flow through an orifice. Tests which depend 
feed-water should bo long enough to minimiz< 
uncertainly of the amount of water in a boiler 
an apparent height of water in a water-gauge: 
height of the water-level depends largely on llu 
tion and the activity of convection currents. 

When the cost of power is expressed in tl 
necessary to measure the steam-pressure, the ai 
in the steam supplied to the cylinder, and the t 
condensed steam when it leaves the condenser, 
in jackets or rehealers It must be accounts 
But it is customary in. all engine tests to ta 
temperatures, so that the cost may usually 
thermal units, even when the experimenter is c 
in pounds of steam. 

For a Iiim’s analysis it is necessary to weig 
condensing water, and to determine the tempo 
sion to and exit from the condenser. 

Important engines, with their boilers and oth< 
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are commonly built under contract to give a certain economy, 
and the fulfilment of the terms of a contract is determined by a 
test of the engine or of the whole plant. The test of the entire 
plant has the advantage that it gives, as one result, the cost of j 

power directly in coal ; but as the engine is often watched with more 
care during a test than in regular service, and as auxiliary duties, 
such as heating and banking fires, arc frequently omitted from 
such an economy test, the actual cost of power can be more 
justly obtained from a record of the engine in regular service, 
extending for weeks or months. The tests of engine and boilers, 
though made at the same time, need not start and stop at the 
same time, though there is a satisfaction in making them 
strictly simultaneous. This requires that the tests shall be long 
enough to avoid drawing the fires at beginning and end of the 
boiler test. 

* In anticipation of a test on an engine it must be run for some 
time under the conditions of the test, to eliminate the effects of 
starting or of changes. Thus engines with steam-jackets are 
commonly started with steam in the jackets, even if they arc to 
run with steam excluded from the jackets. An hour or more 
must then be allowed before the effect of using steam in the 
jackets will entirely pass away. An engine without steam- 
jackets, or with steam in the jackets, may come to constant 
conditions in a fraction of that time, but it is usually well to 
allow at least an hour before starting the test. 

It is of the first importance that all the conditions of a test 
shall remain constant throughout the test. Changes of steam- 
pressure arc particularly bad, for when the steam-pressure rises 
the temperature of the engine and all parts affected by the steam 
must be increased, and the heat required for this purpose is 
charged against the performance of the engine; if the steam- 
pressure falls a contrary effect will be felt. In a series of tests 
one element at a time should be changed, so that the effect of 
that element may not be confused by other changes, even though 
such changes have a relatively small effect. It is, however, of 
more importance that steam- pressure should remain constant 



than llmt all tests al a given pressure should have identically the 
same steam* pressure, because the total heat of steam varies more 
slowly than the temperature. | 

All the instruments and apparatus used for an engine test - 
should he tested and standardized either just before or just 
after the lest; preferably before, to avoid annoyance when any 
instrument fails during the lest and is replaced by another. 

Thermometers. —Temperatures arc commonly measured by 
aid of mercurial thermometers, of which three grades may be 
distinguished. For work resembling that done by the physicist ! 
the highest grade should be used, and these must ordinarily be 
calibrated, and have their boiling* and freezing* points deter- \ 
mined by the experimenter or some qualified person; since the 
freezing-point is liable to change, it should be redetermined when 
necessary. For important data good thermometers must be used, 
sue); as are sold by reliable dealers, but it is preferable that they 
should lie calibrated or else compared witli a thermometer that 
is known to he reliable. For secondary data or for those requir- 
ing little accuracy common thermometers with the graduation 
on the stem may be used, but these also should have their errors 
determined and allowed for. Thermometers with detachable 
scales should be used only for crude work. 

Gauges. — Pressures are commonly measured by Bourdon 
gauges, and if recently compared with a correct mercury column 
these arc sufficient for engineering work. The columns used 
by gauge-makers are sometimes subject to minor errors, and arc 
not usually corrected for temperature. It is important that 
such gauges should be frequently retested. 

Dynamometorfl, The standard for measurement of power 
is the friction-brake. For smooth continuous running it is 
essential that the brake and its band shall be cooled by a stream 
of water that does not come in contact with the rubbing sur- 
faces, Sometimes the wheel is cooled by a stream of water cir- 
culating through it, sometimes the band is so cooled, or both may ' 
be. A rubbing surface which is not cooled should be of non* ■ 
conducting material. If both rubbing surfaces arc metallic they • 
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yjust be freely Initialled with oil. An iron wheel running in a 
jand furnished with blocks of wood requires liule or no lubri- 
:alion. 

To avoid tlic increase of friction on the I wake- bearings due 
0 the load applied at a single brake-arm, two equal arms may 
>c used with two equal and opposite forces applied at the ends 

0 form a statical couple. 

With care and good workmanship a friction-brake may be 
taidc an instrument of precision .sufficient for physical in venti- 
lations, but with ordinary care and workmanship it will give 
csults of sufficient accuracy for engineering work. 

An engine which drives an electric -generator may readily have 
he dynamic or brake-power determined from the electric oul- 
ml, provided that the efficiency of the generator is properly 
Ictcrmincd. 

The only power that can be measured for a steam-turbine is 
he dynamic or brake-power; when connected with nn electric- 
encrator this involves no difficulty. For marine propulsion ij 
> customary to determine the power of steam-turbines by some 
3rm of torsion-metre applied to (he shaft that connects the 
irbinc to the propeller. This instrument measures the angle 
f torsion of the shaft while running, and consequently, if the 
lodulus of elasticity lms been determined, gives a positive 
termination of the power delivered to the propeller. Under 
tvorable conditions a torsion metre may have an error of not 
tore than one per cent. 

Indicators, — The most important and at the same time the 
ast satisfactory instrument used In engine-testing is the indi- 
itor. Even when well made and In good condition it is liable 
) have an error which may amount to two per cent when used 

1 moderate speeds, At high speeds, three hundred revolutions 
cr minute and over, it is likely to have two or three limes as 
luch error. As a rule, an indicator cannot be used at more 
lan four hundred revolutions per minute. 

The mechanism for reducing the motion of the crosshead of 
ic engine and transferring It to the paper drum of an indicator 
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should require only a very short cord leading to the paper chum 
because all the errors due to the paper drum are proportional to 
the length of the cord and may be practically eliminated by 
making the cord short. 

The weighing and recording of the steam- pressure by the indi- 
cator-piston, pencil-motion, and pencil are affected by errors 
which may Ik* classified as follows: 

t. Scale of the spring. \ 

2. Design of the pencil-motion. 

3. Inertia of moving parts. j 

t \. Friction and backlash. \ 

Good Indicator-springs, when tested by direct loads out of < 
the indicator, usually have correct and uniform scales; that is, 
they collapse under pressure the proper amount for each load 
applied. When enclosed in the cylinder of an indicator the 
spring is heated by conduction and radiation to the temperature 
of the cylinder, unci that temperature is sensibly equal to the 
mean temperature in the engine-cylinder. Hut a spring is appre- 
ciably weaker at high temperatures, so that when thus enclosed 
in the indicator-cylinder, it gives results that are too large; the 
error may be two per cent or more. 

Outside spring-indicators avoid this difficulty and are to be 
preferred for all important work. They have only one disad- 
vantage, In that the moving parts arc heavier, but this may be 
overcome by increasing the area of the piston from half a square 
Inch to one square inch. 

The motion of the piston of the indicator is multiplied five 
or six times by the pencil-motion, which is usually an approx- 
imate parallel motion. Within the proper range of motion 
(about two inches) the pencil draws a line which is nearly 
straight when the paper drum is at rest, and it gives a nearly 
uniform scale provided that the spring is uniform. The errors 
due to the geometric design of this part of the indicator aro 
always small. 
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When steam is suddenly let into the indicator, as at admission 
to the engine-cylinder, the indicator-piston and attached parts 
forming the pencil-motion arc set into vibration, with a natural 
time of vibration depending on the stiffness of the spring. A 
weak spring used for indicating a high-speed engine may throw 
the diagram into confusion, because the pencil will give a few 
deep undulations which make it impossible to recognize the 
events of the stroke of the engine, such as cut-ofT and release. 
A stiffer spring will give more rapid and less extensive undu- 
lations, which will be much less troublesome. As a rule, when 
the undulations do not confuse the diagram the area of the dia- 
gram is but little afTected by the undulations due to the inertia 
of the piston and pencil-motion. 

The most troublesome errors of the indicator are due 
to friction and backlash. The various joints at the piston 
and in the pencil-motion are made as tight as can be without 
undue friction, but there is always some looseness and some 
friction at those joints. There is also some friction of the piston 
in the cylinder and of the pencil on the paper. Errors from this 
source may be one or two per cent, and are liable be excessive 
unless the instrument is used with care and skill. A blunt 
pencil pressed up hard on the paper will reduce the area of the 
diagram five per cent or more; on the other hand, a medium 
pencil drawing a faint but legible line will affect the area very 
little. Any considerable friction of the piston of the indicator 
will destroy the value of the diagram. 

Errors of the scale of the spring can be readily determined and 
investigated by loading the spring with known weights, when 
properly supported, out of the indicator. This method is prob- 
ably sufficient for outside spring indicators. Those that have 
the spring inside the cylinder arc tested under steam pressure, 
measuring the pressure either by a gauge or a mercury column. 
Considerable care and skill are required to get good results, 
especially to avoid excessive friction of the piston as it remains 
at rest or moves slowly in the cylinder. It must be borne in 
mind that the indicator cylinder heats readily when subjected to 
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slowly, and that consequently tests made with falling steam 
pressures are not valuable. 

Scales. — Weighing should be done on scales adapted to the 
load; overloading leads to excessive friction at the knife-edges and 
to lack of delicacy. Good commercial platform scales, when 
tested with standard weights, are sufficient for engineering work. 

Coal and ashes are readily weighed in barrows, for which the 
tare is determined by weighing empty, Water is weighed in 
barrels or tanks. The water can usually be pumped in or 
allowed to run in under a head, so that the barrel or tank can be 
filled promptly. Large quick-opening valves must be used to allow 
the water to run out quickly. As the receptacle will seldom drain 
properly, it is not well to wail for it to drain, but to close the 
exit-valve and weigh empty with whatever small amount of water 
may be caught in it. Neither is it well to try to fill the receptacle 
to a given weight, as the jet of water running in may affect the 
weighing. With large enough scales and tanks lire largest 
amounts of water used for engine tests may be readily handled. 

Measuring Water. — When it is not convenient to weigh water 
directly, it may be measured in tanks or other receptacles of 
known volume. Commonly two are used, so that one may 
fill while the other is emptied. The volume of a receptacle may 
be calculated from its dimensions, or may lie determined by 
weighing in water enough to fill it. When desired a receptacle 
nmy be provided with a scale showing the depth of the water, 
and so partial volumes can be determined. A closed recep- 
tacle may be used to measure hot water or other fluids. 

Water-Meters of good make may be used for measuring water 
when other methods are not applicable, provided they arc tested 
and rated under the conditions for which they arc used, taking 
account of the amount and temperature of the water measured. 
Metres arc most convenient for testing marine engines because 
water cannot be weighed at sea on account of the motion of the 
ship, and arrangements for measuring water in tanks are expen- 
sive and inconvenient, For such tests the metre may be placed 
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on a by-pass through which the feed-water from the surface- 
condenser can be made to pass by closing a valve on the direct 
line of feed-pipe. If necessary the metre can be quickly shut 
off and the direct line can be opened. The chief uncertainty in 
the use of a metre is due to uir in the water; to avoid error from 
this source, the metre should be frequently vented to allow air 
to escape without being recorded by the metre. 

Weirs and Orifices. — So far as possible the use of weirs and 
orifices for water during engine tests should be avoided, for, in 
addition to the uncertainties unavoidably connected with such 
hydraulic measurements, difficulties are liable to arise from the 
temperature of the water and from the oil in it. A very little oil 
is enough to sensibly affect the coefficient for a weir or orifice. 
The water flowing from the hot-well of a jet-condensing engine 
is so large in amount that it is usually deemed advisable to 
measure it on a weir; the c fleet of temperature and oil is less 
than when the same method is used for measuring condensed 
steam from a surface-condcnser. 

Priming-Gauges. — When superheated steam is supplied to an 
engine it is sufficient to take the temperature of the steam, in the 
steam-pipe near the engine. When moist steam is used the amount 
of moisture must be determined by a separated test. Origi- 
nally such tests were made by some form of calorimeter, and 
that name is now commonly attached to certain devices which 
arc not properly heat-measurers. Three of these will be men- 
tioned: (r) the throttling-calorimeter, which can usually be applied 
to all engine tests; (2) the separating- calorimeter, which can be 
applied when the steam is wet; and (3) the Thomas electric calor- 
imeter, intended for use with steam-turbines to determine the 
moisture in steam at any stage of the turbine whatever may be 
the pressure or quality of the steam. 

Throttling-Calorimeter. — A simple form of calorimeter, 
devised by the author, is shown by Fig. 48, where A is a 
reservoir about 4 inches in diameter and about 12 inches long 
to which steam is admitted through a half-inch pipe b, with a 
throttle- valve near the reservoir. Steam flows away through an 
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e there is a deep cup for a thermometer to measure the temper- 
nlure. The boiler-pressure may be taken 
j from a gauge on the main slcnm-pipc 
near the calorimeter. It should not be 
taken from a pipe in which there is a 
rapid flow of steam as in the pipe b, 
since the velocity of the atenm will affect 
Lite gauge-reading, making it less than tho 
real pressure. The reservoir is wrapped 
with hair-fell and lagged with wood to 
reduce radiation of heal. 

When n lest is to be made, the valve on 
the pipe d is opened wide (this valve is 
frccjuently omitted), and the valve at Ms 
opened wide enough to give a pressure of 
five to fifteen pounds in the reservoir. 

Kl °* 481 Readings arc then taken of the boiler- 

gauge, of the gauge at/, and of the thermometer at e. It is well to 
wait about ten minutes after the Instrument is started before taking 
readings so that it may be well healed. Let the boiler-pressure 
be p , and let r and <1 be tho latent heat and heat of the liquid 
corresponding. Let p K bo tho pressure in the calorimeter, r, the 
heat of vaporization, q x the heat of the liquid, and t v lire tempera- 
turo of saturated steam at tlml pressure, while t, la the tempera- 
ture of tho superheated steam in tho calorimeter. Then 

xr + (7 •« r i + <7i T c » (f.~f i)l 


Specific heat of superheated steam for the condition of the 
-st 0.48. 

* = 943-8 + 212-7 + °-48 (268.2 - 243-9) ~ *85-9 m 0 . 9 g 8; 

892.3 

Per cent of priming, 1.2. 

A little consideration shows that this type of calorimeter 
an he used only when the priming is not excessive; otherwise 
he throttling will fail to superheat the steam, and in such case 
»othing can be told about the condition of the steam cither before 
>r after throttling. To find this limit for any pressure t, may be 
nade equal to in equation (152); that is, we may assume that 
he steam is just dry and saturated at that limit in the calorimeter. 
Ordinarily the lowest convenient pressure in the calorimeter is 
he pressure of the atmosphere, or 14.7 pounds to the square inch. 
The tabic following has been calculated for several pressures in 
.he manner indicated. It shows that the limit is higher for higher 
pressures, but that the calorimeter can be applied only where 
die priming is moderate. 

When this calorimeter is used to test steam supplied to a 
condensing- engine the limit may be extended by connecting the 
exhaust to the condenser. For example, the limit at 100 pounds 
absolute, with 3 pounds absolute in the calorimeter, is 0.064 
instead of 0.040 with atmospheric pressure in the calorimeter. 

LIMITS OF THE THROTTLING-CALORIMETER. 
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In case the calorimeter is list'd near ils limit — that is, when 
the superheating is u few degrees only — it is essential that the 
thermometer should lie entirely reliable; otherwise it might 
happen that the thermometer should show superheating when 
the steam in the ealorimeier was saturated or moist, In any 
other ease u considerable error in the temperature will produce 
an inconsiderable effect, on the result. Thus at 100 pounds 
absolute with atmospheric pressure in the ealorimeier, io° F, of 
superheating indicates 0.035 priming, and 15° F. indicates 0,032 
priming. So also a slight error in the gauge-reading has little 
effect. Suppose the reading to be apparently 100.5 pounds 
absolute instead of iqq, then with io° of superheating the prim* 
ing appears to be 0.033 instead of 0.03a. 

it has been found by experiment that no allowance need be 
made for radiation from this calorimeter if made as described, 
provided that aoo pounds of steam are run through it per hour. 
Now lids (juantity will flow through an orifice one-fourth of an 
inch in diameter under the pressure of 70 pounds by the gauge, 
so that if the throttle-valve be replaced by such an orifice the 
question of radiation need not be considered. In such case a 
stop- valve will be placed on the pipe to shut off the calorimeter 
when not in use; it is opened wide when a test is made. If an 
orifice Is not provided the throttle-valve may be opened at first 
a small amount, and the temperature in the calorimeter noted; 
after a few minutes the valve may be opened a trifle more, where- 
upon the temperature may rise, if loo little steam was used at 
first. If the valve la opened little by little till the temperature 
stops rising, it will then be certain that enough steam is used to 
reduce the error from radiation to a very small amount. 

Separatlng-Calorlmeter. — If steam contains more than 
three per cent of moisture the priming may be determined by 
a good separator which will remove nearly all the moisture. 
It remains to measure the steam and water separately. The 
water may be best measured In a calibrated vessel or receiver, 
while the steam may be condensed and weighed, or may be 
gauged by allowing it to flow through an orifice of known size. 







A form of scparating-ealorimetcr devised by Professor Carpenter * 
is shown by Fig. 49. 

Steam enters a space at the top 
which has sides of wire gauze and a 
convex cup at the bottom. The water 
is thrown against the cup and finds its 
way through the gauze into an inside 
chamber or receiver and rises in a 
water-glass outside. The receiver is 
calibrated by trial, so that the amount of 
water may be read directly from a gradu- 
ated scale. The steam meanwhile passes 
into the outer chamber which surrounds 
the inner receiver and escapes from an 
orifice at the bottom. The steam may 
be determined by condensing, collecting, 
and weighing it; or it may be calculated 
from the pressure and the size of tire 
orifice. When the steam is weighed 
there is no radiation error, since the 

inner chamber is protected by the steam in the outer chamber. 
This instrument may be guarded against radiation by wrapping 
and lagging, and then if stc^m enough is used the radiation will 
be insignificant, just as was found to be the case for the 
throttling-calorimeter. 

The Thomas Electric Calorimeter. — The essential feature of this 
instrument (Fig. 50) is the drying and superheating of the steam 
by a measured amount of electric energy. Steam is admitted 
at B .and passes through numerous holes in a block of soapstone 
which occupies the middle of the instrument; these holes are 
partially filled with coils of German silver wire which are heated 
by an electric current that enters and leaves at the binding- 
screws. The steam emerges dry or superheated at the upper 
part of the chamber and passes down through wire gauze, which 
surrounds the central escape pipe; this central pipe surrounds 

Trans, Ant. Soc, Mech, F.ngs., vot. xvli, p. 60S. 
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the thermometer cup, and leads to the exit at the top, which ha 
two orifices, either of which may be piped to a condenser or 1 

elsewhere. j 

A> use the instrument it j s 
properly connected by a sampling, 
lube to the space from which 
steam is drawn, and valves arc 
adjusted to supply a convenient 
amount of steam which is assumed 
to lie uniform for steady pressure; 
this last is a matter of some im- 
parlance. 

The current of electricity is 
then adjusted to dry the steam; 
this may be determined by noting 
tbe temperature by the ihcrmom- 
etcr in the central thermometer 
cup, because that thermometer 
will show a slight rise corres- 
ponding to a very small degree ' 
of superheating which is sufficient 
to indicate the disappearance of 
moisture, but not enough to affect 
the determination of quality by 
the instrument. The wire gauze 
surrounding the thermometer is an essential feature of this 
operation, as it insures the homogeneity of the steam, which, 
without the gauze, would be likely to be a mixture of super- 
heated steam ancl moist steam. Readings arc taken of the 
proper electrical instruments from which the electrical energy 
imparted can be determined in watts; let this energy required to 
dry the steam be denoted by U r Now let tbe electric current be 
increased till the steam is superheated 30°, and let £, be the 
increase of electric input which Is required to superheat the 
steam. 

If W is the weight of steam flowing per hour through the 
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instrument under the first conditions, the weight when super- 
heated will be CW , where C is a factor less than unity which 
has been determined by exhaustive tests on the instrument. 
The amount of electric energy required to superheat one pound 
of steam 30° from saturation at various pressures has also been 
determined and may be represented by S; this constant has been 
so determined as to include an allowance for radiation, and is 
more convenient than the specific heat of superheated steam, in 
this place. Making use of the factors C and S, we may write 

E,*=CSW, or W = 


which affords a means of eliminating the weight of steam used; 
this is an important feature in the use of the instrument. 

Returning now to the first condition of the instrument when 
steam is dried by the application of E, watts of electric energy, 
we have for the equivalent heat 

3.42 


and dividing by the expression for the weight of steam flowing 
per hour, we have for the heat required to dry one pound of 
steam 


3 dl jL 
w 


3.42 cs 


£i_ 


(1 - x)r, 


where r is the heat of vaporization and 1 — x is the amount of 
water in one pound of moist steam. 

Solving the above equation for x, we have 


= T _ 3-42 CS E 




If desired, the constant factors may be united into one term, and 
the equation may be written 


x ~ 




With each instrument is furnished a diagram giving values of 
K for all pressures, so that the use of the instrument involves 


only two readings of a wattmeter and the application of the above 
simple equation. 

For example , suppose that the use of the instrument in a 
particular ease gave the values E x ■» 240, and E 7 — 93.0 for 
the absolute pressure 100 pounds per square inch. The value 
of K from the diagram is 54.2, and r from the steam-tables is 884, 
consequently 

53 J — • — - 0.0*1* 

884 93-o 

Method of Sampling Steam. — It is customary to lake a sample 
of steam for a calorimeter or priming-gauge through a small 
pipe leading from the main steam-pipe. The best method of 
securing a sample is an open question; indeed, it is a question 
whether we ever get a fair sample. There is no question but 
that the composition of the sample is correctly shown by any of 
the calorimeters described, when the observer makes tests with 
proper care and skill. It is probable that the best way is to 
lake steam through a pipe which reaches at least halfway across 
the main steam- pipe, and which is closed at the end and drilled 
full of small holes. It is belter to have the sampling-pipe at 
the side or top of the main, and it is better to lake a sample 
from a pipe through which steam flows vertically upward. The 
sampling-pipe should be short and well wrapped to avoid 
radiation. 
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CHAPTER XI. 


INFLUENCE OF TILE CYLINDER WALLS. 

In this chapter a discussion will be given of the discrepancy 
between the theory of the steam-engine as detailed in the previous 
chapter, and the actual performance as determined by tests on 
engines. It was early evident that this discrepancy was due 
to the interference of the metal of the cylinder walls which 
abstracted heat from the steam at high pressure and gave it out 
at low pressure. In consequence there followed a long struggle 
to determine precisely what action the walls exerted and how to 
allow for that action in the design of new engines. The first 
part has been accomplished; wc can determine to a nicely the 
influence of the cylinder walls for any engine already built and 
tested; but as yet all attempts to systematize the information 
derived from such tests in such a manner that it can be used 
in the design of new engines has been utterly futile. Conse- 
quently the discussion in this chapter is important mainly 
in that it allows us to understand the real action of certain 
devices that are intended to improve the economy of engines, 
and to form a just opinion on the probability of future im- 
provements. 

As soon as the investigations by Clausius and Rankine 
and the experiments by Rcgnault made a precise theory of 
the steam engine possible, it became evident that engines used 
from quarter to half again as much steam as the adiabatic 
theory indicated, and in particular that expansion down to 
the back-pressure was inadvisable. An early and a satis- 
factory exposition of these points was made by Ishcrwood 
after his tests on the U. S. S. Michigan , which arc given in 
Table III. 
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Tam.k HI. 

TK STS ON TJIK KNfJINK OK THE U. S. S. .tt/c'Jf/GrfN, 

CVl.INlIKK |>I*MKTKU, .|fi INCIIKH; HTUtIKK, K m*. 

Ity nilrf-Knitincrr Iwikuwoou, Researches In Experimental Steam 

f<ngttwritig. 


l>u rui ion, lmtim 

Oul-tiff 

Urvuhiikiit* |kt mlnutn 

Muller 'j trraauir, jxnmdn jx-r Bij In, rIkivc* 

Mlmosfilierct 

Mnniinrlcr, Imltt-n of mmury 

Vacuum, Im hea uf mm ury 

Strum jx-r horue jmwrr iter hour, ixntiuD 
I’cr rrnt of wnlrr In rvtlmlrr nt rHenw 


I. 

11. 

111. 

7 3 

7 3 

73 

1 r/i j 

7/10 

4/‘J 

30. (l 

15.(1 

»7-.1 

at .a 

KJ.5 

31 .a 

30. i 

31). fl 

so-? 

3<».<; 

j(l. t 

3(1.3 

3R . 0 

.1.1 •« 

.13.? 

10. 7 

l.S-.l 

-17-4 


IV. 

12 

.t/io ! 

U-7 

31.0 


V. 

p 

«/ 4 l 

» 3 - 9 i 
31 .01 


3 S-H 35.8! 


7 3-1 -5 36.8 
7 3 1 )- 6.H-1 


VL 

73 ) 
i/6[ 
it. 2 

Ji.ol 

39.9 


•S-W-i 
•1 r * 4 


VU. 

P 

• 1 / 4 $ 

Mi 

33.0 

39.9 


i hi 


In the first plan* the best mmifiny for this engine was 32,7 
{rounds instead of 216.5 pounds ns rnlrulutnl )>y the expression 

_ 60 X 3 ,1000 _ ^ 

778 (r, I q x - .v/, - ft) 

deduced on page i.|i fur the »leanv consumption for a non-con- 

dueling engine wilh 
complete expansion, 
This result was ob- 
tained with cut-oft at 
four- ninths of the 
stroke winch gave a 
terminal pressure o( 
one pound above the 
atmosphere. 

The manner of the 
variation of the steam 
consumption with the 
cut-oft Is clearly 
shown by Fig. 51, in 
which the fraction of stroke at cut-off is taken for abscissas and 
the steam-consumptions ns ordinates. 
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To make the diagram dear and compact, the axis of absciss® 
is taken at 30 pounds of steam per horse-power per hour. An 
inspection of this diagram and of the figures in the table shows 
a regularity in the results which can be attained only when tests 
arc made with care and skill. The only condition purposely 
varied is the cut-off; the only condition showing important acci- 
dental variation is the vacuum, and consequently the back- 
pressure in the cylinder. To allow for the small variations in 
the back-pressure Tsherwood changed the mean elTcclivc pressure 
for each test by adding or subtracting, as the case might require, 
the difference between the actual back- pressure and the mean 
back-pressure of 2.7 pounds per square inch, as deduced from 
all the tests. 

An inspection of any such a series of tests having a wide range 
of expansions will show that the steam-consumption decreases 
as the cut-off is shortened till a minimum is reached, usually at 
£ to stroke; any further shortening of the cut-off will be accom- 
panied by an increased steam -consumption, which may become 
excessive if the cut-off is made very short. Some insight into 
the reason for this may be had from the per cent of water in the 
cylinder, calculated from the dimensions of the cylinder and the 
pressures in the cylinder taken from the indicator-diagram. 
The method of the calculation will be given in detail a little later 
in connection with Hirn’s analysis. It will be sufficient now to 
notice that the amount of water in the cylinder of the engine of 
the Michigan at release increased from 10.7 per cent for a cut-off 
at H of the stroke to 45.1 per cent for a cut-off at Ar of the 
stroke. Now all the water in the cylinder at release is vaporized 
during the exhaust, the heat for this purpose being abstracted 
from the cylinder walls, and the heat thus abstracted is wasted, 
without any compensation. The walls may be warmed to some 
extent in consequence of the rise of pressure and temperature 
during compression, but by far the greater part of the heat 
abstracted during exhaust must be supplied by the incoming 
steam at admission. There is, therefore, a large condensation 
of steam during admission and up to cut-off, and the greater part 
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of the steam thus condensed remains in the form of water and 
docs little if anythin# toward producing work. This may be 
seen by inspection of the table of results of Dix well's tests on 
page 370. With saturated steam and with cul-ofT at 0.217 of the 
stroke, 53.3 per cent of the working substance in the cylinder 
was water. Of litis n>.H per cent was relivaporated during ex- 
pansion.and 33.4 per cent remained at release to be rebvaporated 
during exhaust. When the cut-off was lengthened to 0.689 of 
tire stroke, there was 37a; per cent of water at cut-off and 23,9 
per cent at release. The statement in percentages gives a 
correct idea of the preponderating influence of the cylinder walls 
when the cut off is unduly shortened; it is, however, not true 
thul there is more condensation with a short than with a long 
cut-off. On the contrary, there is more water condensed in 
the cylinder when the cut off is long, only the condensation 
does not increase as fast ns do the weight of steam supplied to 
the cylinder and the work done, and consequently the conden- 
sation has a less effect. 


Graphical Representation. -The 



Kio. m- 


divergence of the nctua! 
expansion line from the 
adiabatic line can be 
shown in n striking manner 
by plotting the former on 
the temperature-entropy 
diagram as shown in 
Fig. 53 which is con- 
structed from the indicator- 


diagram in Fig. 53, shown with the axes of zero pressure and 
zero volume drawn in the usual mnnner, allowing for clearance 


and for Ihe pressure of the atmosphere. 

In order to undertake this construction the weight of steam 
per stroke W ns determined from the test of Ihe engine during 
which the diagrams were taken, iyuihI be determined, and the 
weight of steam \V a enught in the clearance must be computed 
from the pressure and volume /, the beginning of compression. 

The dry steam line (Fig. 53) is drawn by the following process: 


GRAPHICAL REPRESENTATION 


a 03 


a line ae is drawn at ft convenient pressure, and on it in tnirl off 
the volume o i W + W 0 pounds of dry steam ns determined 
from the steam-tabic to the proper scale of- the drawing, Thun 
if s e is the specific volume of (he .steam at (he pressure /», die 
volume of steam present if dry and saturated would be 

(W d- W 0 ) s § . 

But the length of the diagram L> in inches is proportional (o 
the piston displacement D in cubic feel. The latter is obtained 
by multiplying the area of the piston in square feet by its stroke 
in feet. For the crank end the net area of the piston is to be used, 
allowing for the piston-rod. Consequently the proper abscissa, 

representing the volume is obtained by multiplying by giving 


s 


(1FJ. W 0 ) L 
V ; 


and of this all except s is a constant for which a numerical result 
can be found. 

The diagram shown by Fig. 52 was taken from the head end 
of the high-pressure cylinder of an experimental engine in the 
laboratory of the Massachusetts Institute of Technology. The 
value 0/ W -f- 1 V 0 was found to be 0.075 of a pound; the piston 
displacement was 1.102 cubic feel, and the length of Die diagram 
was 3.69 inches; consecjucnlly 


j) 


0.251. 


The line ae was drawn at go pounds Absolute at which $ »\M 

cubic feet; the length of l lie line ae was consequently 

0.25 r X ■» r .22 Inch. 

Neglecting the volume, of (he water present, the volume of 
steam actually present bore the same ratio to the volume of the 
steam when saturated, Dial ac had to ae. This gave in the figure 
at c 




(1< L 

<ie 


SM. 

1.219 


o«77r. 
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To plot the point e on the temperature-entropy dif 
Fig. 53 » we may find the temperature at go pounds ab 
namely, 320° F., and on a line with that temperature as ai 
nalc we may interpolate between the lines for constant 

of .v. Other poir 
be drawn in a lik( 
ncr, and the curve 
be sketched in; s’ 
that (he steam co 
to yield heal to thi 
der walls from cut- 
is reached on Fig. 
perhaps a trifle 
Beyond c the ate 
ceives heat from tl 
until exhaust oper 
The same feature is exhibited in Fig. 52, by draw 
adiabatic line xd n from the point of cut-off, The point a 
located by multiplying the length ae t which represents the 
of steam in the cylinder when dry by the value of x aft 
ballc expansion from the point of cut-off it, This po 
readily included in the preceding investigation, so that x, 
determined. Locating n on the temperature-entropy d 
Fig. 53, we may draw through it a vertical constant enlr 
and note where it cuts the lines corresponding to the 
lines like ae in Fig. 52, and interpolate for the value 
For example, the entropy at n in Fig. 53 appears to 
and at 320° F., which corresponds to go pounds, this 
line gives by interpolation 0.78, so that the length of (td 

0.78 X i.22 rui 0.95. 

In this discussion no attempt is made to distinguish the 
which may be in contact with the wall from the rema 
steam and water in the cylinder. In reality that mois 
furnished the heat which the cylinder walls acquire 
admission, and it abstracts heal from the walls during th 
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sion. The mixture, moreover, is not homogeneous, because the 
moisture on the cylinder walls is likely to bu colder than the 
steam, though naturally it cannot be warmer. 

Finally, the indicator-pencil is subject to a friction lng that 
operates to produce the effect shown by Figs. $3 and 53 and is 
liable to exaggerate them. That is to say, the pencil draws a 
horizontal line and tends to remain at the same height after the 
steam-pressure falls. It then lets go and falls sharply some 
little time after the valve has closed at cul-olT, Afterwards it 
lags behind and shows a higher pressure than it should. 

Hirn’s Analysis. — Though the methods just illustrated 
give a correct idea of the influence of the walls of the cylinder 
of a steam-engine, our first clear insight into the action of I lie 
walls is chic to Hirn,* who accompanied Ids exposition by rpmn 
titative results from certain engine tests. The statement of his 
method which will be given here is derived from u memoir by 
Dwelslmuvcrs-Dcry.f 

Let Fig. 54 represent the cylinder of a steam-engine and the 
diagram of the actual cycle. For sake of simplicity the diagram 
is represented without lead of admission 
or release, but the equations to be deduced 
apply to engines having cither or both. 

The points 1,2, 3, and 0 are the points of 
cut-oiT, release, compression, and admission. 

The part of the cycle from o to i, that is, 
from admission to cul-ofT, is represented 
by a; in like manner, b, c , and d represent 
the parts of the cycle during expansion, 
exhaust, and compression. The numbers will lie used as sub- 
scripts to designate the properties of the working fluid under 
the conditions represented by the points indicated, and the 
letters will be used in connection with the operations taking 
place during the several parts of the cycle. Thus at cul-olT the 

* Bulletin, k la Soc. Jnd. do Mulhousa, Thick Me hanlquo tl« h Chain,,. 
vol tl, 1876. 

t Revue unherscllc des Mines, vol. vlU, p, 36a, 1R80. 
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pressure is p v and the temperature, heat of the liquid, heat of 
vaporization, quality, etc., are represented by /„ q v r v x v etc. 
The external work from cut-off to release is and the heat 
yielded by the walls of the cylinder due to rcSvaporation is (?{,. 

Suppose that M pounds of steam are admitted to the cylinder 
per stroke, having in the supply-pipe the pressure p and the 
condition x\ that is, each pound is x part steam mingled with 
i — x of water. The hecat brought into the cylinder per stroke, 
reckoned from freezing-point, is 

Q = M (q + xr) (153) 

Should the steam be superheated in the supply-pipe to the 
temperature /„ then 

Q = M [r 4- q -f fcdll (154) 

for which a numerical value can be found in the temperature- 
entropy table. 

Let the hcat-cquivalcnt of the intrinsic energy of the entire 
weight of water and steam in the cylinder at any point of the 
cycle be represented by 7 ; then at admission, cut-off, release, 


and compression we have i 

h = M « (?o +V.)i ( l S 5 ) 

7| == (M -1- M 0 ) (q, -I- Ay*)! (*5<>) 

I 2 = (M + M 0 ) (q 2 + ;vy 2 ); (157) 

h = M 0 (q + ay,); (158) 


in which p is the heat-equivalent of the internal work due to 
vaporization of one pound of steam, and M Q is the weight of 
water and steam caught in the cylinder at compression, calculated 
in a manner to be described hereafter. 

At admission the heat-equivalent of the fluid in the cylinder 
is and the heat supplied by the entering steam up to the point 
of cut-off is Q. Of the sum of these quantities a part, A.W at is 
used in doing external work, and a part remains as intrinsic 
energy at cut-off. The remainder must have been absorbed by 
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the walls of the cylinder, and will be represented by Q a , Hence 

Q» Q ' I ' /UT n . 


From cut-off to release the external work W b is done, and at 
release the heat-equivalent of the intrinsic energy is I 3 , Usually 
the walls of the cylinder, during expansion, supply heat to the 
steam and water in the cylinder. To be more explicit, some 
of the water condensed on the cylinder walls during admission 
and up to cul-oIT is evaporated during expansion. This action 
is so energetic that /, is commonly larger than I v Since heat 
absorbed by the walls is given a positive sign, the contrary sign 
should be given to heat yielded by them; it is, however, con- 
venient (0 give a positive sign to ail the interchanges of heal in 
the equations, and then in numerical problems a negative sign 
will indicate that heat is yielded during the operation under 
consideration. For cxprtnsion, then, 


Qb - /, - /, -AW t . 


During the exhaust the external work W e is done by the engine 
on the steam, the water resulting from the condensation of the 
steam in the condenser carries away the heal Mq it the cooling 
water carries away the heal 0 (i h - q ( ) } and there remains at 
compression the heat-cqui valent of intrinsic energy T 3 . So that 


Qo “ A ~ A " - o (q k ~ q t ) AW e> 


m 


1 


in which Qt is the heat of the liquid of the condensed steam, and 
G is the weight of cooling water per stroke which has on entering 
the heat of the liquid <7,, and on leaving the heal of the liquid q k . 

During compression the external work W <t is done by the 
engine on the fluid in the cylinder, and at the end of compression, 
i.c,, at admission, the heat-equivalent of the intrinsic energy is I . 
Hence 0 

Q,t •» /, - / 0 -I- AW ^ 

It should be noted (Fig, 54) that the work W n is represented 
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by the Area which in bounded by the steam line, the ordinates 
through o and 1 and by lire base line. And in like manner the 
works W (l , W„ and 11 ', t are represented by areas which extend 
to the base line. In working up llu* analysis from a lest the 

line of absolute zero of pressure may be 
drawn under the atmospheric line as in 
Kig. 55, or proper allowance may be 
made after the calculation has been made 
with reference to the atmospheric line. 

Kor convenience these four equa- 
tions will be assembled as follows: 

K ( 159 ) 

AW (160} 

f % *1 " (*' (<{t ■* { (i) * 1 * AlV e . (161) 

/„ 1 aw,, (162) 

A consideration of these equations shows that all the quanti- 
ties of llu* right-band members can be obtained directly from 
the proper observations of an engine test except the several 
values of /, llu: heal equivalents of the intrinsic energies in the 
cylinder. These quantities are represented by equations (155) 
to (158), in which there are five unknown quantities, namely, 
.v,, .v 9 , "V a) and /l/ # . 

Let the volume of live clearance space between the valve and 
the piston when It is nt the end of its stroke be K„; and let the 
volumes developed by the piston up to cut-off and release bo 
V, and K,; finally, let V % represent tin: corresponding volume 
at compression. The specific volume of one pound of mixed 
water and steam U 

1' xu -p 

and the volume of Xf pounds is 



C>, - Q ' 
0 . - /> 
Q. /. 
Q* • I > 


V „ if v if (xi 1 + o’). 
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At the points of admission, cut-oIT, release, and compression, 

K, = M, (-V'o 'I' °) 

V 0 + K, - (JW + M„) (x,ll, + tr) (I'M) 

V„ + V 3 = (M -I- M,) (.«,«, +*) 

+ V t = M, (.VjMj -I- <r) 

There is sufficient evidence that the steam in the cylinder 
at compression is nearly if not quite dry, find as there is com- 
paratively little steam present at that time, there cannot he 
much error in assuming 

X 3 1 , 


This assumption gives, by equation (x66). 


AT. 


Lu ±Ii 

«. H* <* 


<r. 


+ v 9 )y» • • ndy) 


in which 7, is the density or weight of one cubic fool of dry 
steam at compression. 

Applying this result to equations (363) to (365) gives 


fct > 


A", 




M*. "a 



(iW -I- M 0 ) if, 

(M -(* A/ 0 ) //, 


ir 
«. 
i r 




. (1G8) 
. (lOr/) 
ft 70 1 


We are now in condition to find the values of /,, /,, and 
/„ and consequently can calculate all the interchanges of heat 
by equations (159) to (16a). 

Should the value of x in any ease appear to he greater than 
unity it indicates that the steam is superheated,* this may happen 
for * 0 , and then as the weight of steam is relatively small, 
and as the superheating is usually slight, it will he sufliclcni to 
make * 0 equal to unity. It is unlikely to be the case for .v, or .v s , 
even though the steam is strongly superheated hi the slat m> pipe; 


should the computation give a value slightly larger than unity 
the steam may be assumed to be dry without appreciable error, 
and the work may proceed as indicated. If in the use of very 
strongly superheated steam a computed value of x t is appre- 
ciably larger than unity, we may replace the equation (166) by 

V. + V 2 - (M + M 0 ) v v 

where v 2 is the specific volume of superheated steam; conse- 
quently 

_ V„ + V , 

V 2 M+M 0 ‘ 

By aid of the temperature-entropy table we may find (by inter- 
polation if necessary) the corresponding temperature and the 
value of the heat-contents or total heat. The hcat-cquivalcnt 
of the intrinsic energy is then equal to this quantity minus Ap 2 v v 

In the diagram, Fig. 54, the external work during exhaust is 
all work done by the piston on the fluid, since the release is 
assumed to be at the end of the stroke. If the release occurs 
before the end of the stroke, some of the work, namely, from 
release to the end of the stroke, will be done by the steam on th© 
piston, and the remainder, from the end of the stroke back to 
compression, will be done by the piston on the fluid. In such 
case W e will be the difference between the second and the first 
quantities. If an engine has lead of admission, a similar method 
may be employed; but at that part of the diagram the curves of 
compression and admission can be distinguished with difficulty, 
if at all, and little error can arise from neglecting the lead. 

The several pressures at admission, cut-off, release, and 
compression are determined by the aid of the indicator-diagram, 
and the pressures in the steam- pipe and exhaust- pipe or con- 
denser are determined by gauges. The weight M of 9tcam 
supplied to the cylinder per stroke is best determined by con- 
densing the exhaust-steam in a surface-condenser and collecting 
and weighing it in a tank. If the engine is non-condensing, or 
if it has a jet-condenser, or if for any reason this method cannot 


be used, then the feed-water delivered to the boiler may be deter- 
mined instead. The cooling or condensing water, either on 
the way to the condenser or when flowing from it, may be weighed, 
or for engines of large size may be measured by a metre or gauged 
by causing it to flow over a weir or through an orifice. The 
several temperatures t u ( h and i k must be taken by proper ther- 
mometers. When a jet-condenser is used, and the condensing 
water mingles with the steam, U is identical with t k . The quality 
* of the steam in the supply-pipe must be determined by a steam- 
calorimeter. A boiler with sufficient steam-space will usually 
deliver nearly dry steam; that is, x will be nearly unity. If 
the steam is superheated, its temperature l, may be taken by a 
thermometer. 

Let the heat lost by radiation, conduction, etc., be Q e ; this 
is commonly called the radiation. Let the heat supplied by 
the jacket be Qf. Of the heat supplied to the cylinder per stroke, 
a portion is changed into work, a part is carried away by the 
condensed steam and the cooling or condensing water, and 
the remainder is lost by radiation; therefore 

Q'^Q + Qj-Mqi-C (q k -q { )-A (W a +W b -W c - W d ) . (l 7 l) 

The heat Qj supplied by a steam-jacket may be calculated 
by the equation 

Qj = m ( x'r' + g' ~ g") . . . . (172) 

in which m is the weight of water collected per stroke from the 
jacket; x', ri, and q' are the quality, the heat of vaporization, 
and the heat of the liquid of the steam supplied; and q" is the 
heat of the liquid when the water is withdrawn. When the 
jacket is supplied from the main steam-pipe, x' is the same as 
the quality in that pipe. When supplied direct from the boiler, 
x * may be assumed to be unity. If the jacket is supplied 
through a reducing- valve, the pressure and quality may be 
determined either before or after passing the valve, since throt- 
tling does not change the amount of heat in the steam. Should 









the steam applied to the jacket be superheated from any cause 
we may use the equation 

Qj - m [r* -l r/ -I- c p {lj -- /') - f) . , , ( 1?3 j 

in which r 7 and q' are the heat of vaporization and heat 0 f 
the liquid of saturated steam at the temperature t', and /*' } s 
the temperature of the superheated steam. 

Initiation (171) furnishes a method of calculating the heat 
lost by radiation anti conduction; but since Q t is obtained by 
subtraction ami is small compared with the quantities on the 
right-hand side of the equation, the error of this determination 
may be large compared with Q„ itself. The usual way of deter- 
mining Q„ for an engine with a jacket is to collect the water 
condensed in the jacket for a known lime, an hour for example, 
when the engine is at rest, and then the radiation of heat per 
hour may be calculated. If it be assumed that the rate of radia- 
tion at rest is the same as when the engine is running, the radia- 
tion for any test may be inferred from the time of the test and the 
determined rate. Hut the engine always loses heat more rapidly 
when running than when at rest, so that this method of 
determining radiation always gives a result which is loo 
small. 

If a steam-engine has no jacket it is difficult or impossible 
to determine the rate of radiation. The only available way 
appears to infer the rate from that of ho mo similar engine with 
a jacket. Probably the best way is to get an average value of 
from the application of equation (171) to a series of care- 
fully made teats. 

It is well to apply equation (171) to any test before beginning 
the calculation for Ilirn’s analysis, as any serious error is likely to 
be revealed, and so lime may be saved. 

When the radiation Q a is known from a direct determination 
of the rale of radiation, we may apply Ilirn’s analysis to a lest 
on an engine even though the quantities depending on the con- 
denser have not been obtained. For from equation (171) 


l 
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-Mg, - G (f* - fr) * Q. - <2 ~Q; + A (lF fl + W, 

and consequently 

g c = /, - /i - Q - & + Q, -1* A {W a 4- IK, - 

Thus it is possible to apply the analysis to a 
densing engine or to the high-pressure cylinder of a compound 
engine. 

It is apparent that the heal Q„ thrown out from the walls 
of the cylinder during exhaust, passes without compensation 
to the condenser, and is a direct loss. Frequently it is Die 
largest source of loss, and for this reason Him proposed to make 
it a test of the performance and perfection of the engine; but 
such a use of this quantity is not justifiable, and is likely to 
lead to confusion. 

The heat Qi that is restored during expansion is supplied at 
a varying and lower temperature than that of the source of heat, 
namely, the boiler, ftnd, though not absolutely wasted, is used 
at a disadvantage. It has been suggested that an early com- 
pression, as found in engines with high rotative speed, warms 
up the cylinder artel so checks initial condensation, thereby 
reducing Q a and finally Q c also. Such a storing of heal during 
compression and restoring during expansion is considered to 
act like the regenerator of a hot-air engine, and to make the 
efficiency of the actual cycle approach the efficiency of the ideal 
cycle more nearly than would be the case without compression. 
It docs not, however, appear that engines of that type have 
exceeded, If they have equalled, the performance of slow-speed 
engines with small clearance and little compression. 

Application. — In order to show the details of the method of 
applying Hint’s analysis the complete calculation for a test 
made on a small Corliss engine in the laboratory of the Massa- 
chusetts Institute of Technology will be given. Its usefulness is 
mainly as a guide to any one who may wish to apply the method 
for the first time. 


non-con 


Wa), 







ft; 

I 


Diameter of the cymmrr 

Stroke of the piston a feet. 

Piston displacement: crank end 0.67(71 cu. ft. 

head end , 0.7016 " « 

Clearance, per cent of piston displacement: 

crank eml . 3.75 

head end 5.4a 

Holler-prcssurr Ity gauge 77.4 pounds. 

Barometer 148 " 

Condition of steam, two per cent of moisture. 

Even Is of the stroke: 

Cupoff: crank end 0.306 of stroke. 

head end 0.330 “ 

Release at end of stroke. 

Compression: crank end 0.013 of st toko. 

head eml 0.0301 " 

Duration of the test, one hour. 

Tntnt number of revolutions 360a 

Weight of steam used 548 pounds. 

Weight of condensing water used 14.568 " 

Tempcralures : 

Condensed steam *« •* t4«°.t F* 

Condensing waters cold U ** S 3°.9 F. 

warm 88 0 .3 F. 

* ABSOLUTE PRESSURES, FROM INDICATOR-DIAGRAMS, AND 
CORRESPONDING PROPERTIES OF SATURATED STEAM. 


Cut-ofT . . . 
Release . . . 
Compression. 
Admission . 


| Ckahk f 

/ 

S3. 6 
at), a 
M.S 
31.8 


a 

M 

384.fi 

317.8 

1 8 r . t 
901.5 

813.0 

864.8 

803.3 

877.4 

5.1OO 

13.934 

30.464 

18.344 
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MEAN PRESSURES, AND HEAT-EQUIVALENTS OF EXTERNAL 

WORKS. 



| Crank End. 

j Hoad Enh. 

Moan Pressures. 

Equivalents of 
Work. 

Mean Pressure*. 

Equivalents of 
Work. 

Admission . . . . 

87.7 

3-369 

8 9-3 

3 - 7 II 

Expansion . . . . 

44 . s 

3-877 

47. 1 

4-159 

Exhaust 

14-8 

1.836 

14.8 

1 .847 

Compression . . . 

*8.3 

1 0 . 02 yQ 

21.8 

0. r 104 


VOLUMES, CUBIC FEET. 


At cut-off, V 0 + V t 

At release, V a -V 

At compression, F 0 4 - 

At admission, V Q 


Crank End. 


°-2333 

0.7046 

0-0343 

0.02550 


Head Kno. 


At (he boiler-pressure, 92.1 pounds absolute, we have 
r =* S8S.4, q = 291,7. 


The steam used per stroke is 
M8 


M 


2 X 3692 


= 0.0742 pound. 


The steam caught in the clearance space at compression, on 
the assumption that the steam is then dry and saturated, is 
obtained by multiplying the mean volume at that point by the 
weight of one cubic foot of steam at the pressure at compression, 
which is 0.03781 of a pound. 

Af 0 = °’ 9 . 3 . 43 jL ? i °^ 55 . x 0.03781 = 0.0019 of a pound \ 

M + M b = 0.0742 + 0.0019 = 0.0761 pound. 

The condensing water used per stroke is 


G 


14368 


2 X 3692 


= i.973« 













\f in { ¥ \r « i ) 




A/ 0 « 0 1 



u 


. .. „ ..J fe°?. 55 ° J: 0 0 , 3806 ) ! . 

> ’ , ’ e o.ooigX |(i8,^ !• -13.664) ^ | X Hi 8.3.14 4-13.664) 


This Indicates Uml l he steam is superheated at admission. 
Such may he the case, or the Appearance may be due to an 
error in the assumption of dry steam at compression, or to errors 
of observation. U is convenient to assume .v 0 i. 


v .. V* I :J\_ . .. <r .. 

‘ (A/lA/Ja, «, 1 

JL.fe.-3AM. L.9JML,. 


A| 0.0761 X 1 (5.100 -i 5.307) f)3..| X 1 ( 5 ' ' 9 ° + 5 ' 20 7 ) 


0 . 633 ft. 

v _ v*±y^ _ 

■ a I A/,j "i w, * 

. y - _LJtetf9i 6 ^ « — L_ 

>s 0,0761 X £(13.924 +12.804) 63.4 x£ (13.934 -i- 12.804) 

0.7088. 

■f 0 ^ Af 0 (</ 0 - i- *'/>„); 

^0 ** 4 x 0.0019(201.5 + aiQ-o 4 * 1.00 (877.4 + 863.9)] 
2.054* 

f | (A/ 1' A'/g) ($, “)■ A‘|^j)j 

,\ /, «» i X 0,0761 (284.6 -1- 284.4 +0.6236 (813.0 +813.2)] 
team 60.338. 

/, •*• (A/ + A/ 0 ) (r/„ + -Vj/),); 

/, »*> £ X 0.0761 [317.8+222.0 -1-0.7088 (864.8 +861.8)] 
^ 63 . 311 . 

/ S ^ A/ 0 (7 8 + ay>,)| 

**♦ ./, w® o. 0019 (181.1 + 893,3) «• 2.041. 











Qa = 86.243 4 - 2.054 - 60.238 ~ £ (3*369 +3-7 11 ) = 24.519. 

Q b - /, - h - ^ 

'* <?6 = 60.238 - 63.311 - } (3.877 + 4.159) - - 7.091. 

Qc = h - h - - G (q k - ?<) 4- <w e ; 

*. Q c = 63.311 - 2.041 - 0.0742 x 109.3 

“ J -973 (56*35 “ 2i.or ) 4- i (1.836 4- 1 . 847 ) 
— - 14.721. 

Qa — Ij — I a 4 - AW al 

Qd = 2.041 - 2.054 4- ^ (0.0299 4 " 0.1104) = 0.157. 

Qe “ Qa 4 - Qi 4 - Qc 4 - Q>1 = 2.764. 

Also, equation (17 1) for this case gives 
Q e - Q - Mq K - G (q k - q ( ) - AW 

= 86.243 -8.110—69.723 -(3.5404-4-018” 1-841 - 0.070) 
= 86. 243-8. 110-69.723 -5.647 = 2.764. 

It is (0 be remembered that the heat lost by radiation and 
conduction per stroke, when estimated in this manner, is affected 
by the accumulated errors of observation and computation, 
which may be a large part of the total value of Q e . 

Dropping superfluous significant figures, we have in b.t.u. 

Q = 86.2, Q a - 24.5, Qt = - 7.1, 

Qc - - *4*7* Qd = -°6> = 2.8. 

Noting that 5.647 are the b.t.u. changed into work per stroke 
and 3692 the total revolutions the horse-power of the engine is 

778 X 5-647 x 3692 X 2 _ , H p. 

60 X 33000 ' 6b * ' 

and the steam per horse-power per hour is 


= 33*5 pounds. 


For data and results of this test and others see Table IV. 



















Effect of Varying Cut-off. — An inspection of the interchanges 
of heat shows that the values of Q a , the heat absorbed by the 
walls during admission, increase regularly as the cut-off is 
lengthened, and that the heat returned during expansion decreases 
at the same time, so that there is a considerable increase in the 
value of the heat Q e which is rejected during exhaust. Never- 
theless there is a large gain in economy from restricting the 
cut-off so that it shall not come earlier than one-third stroke. 
"Unfortunately tests on this engine with longer cut-off than one- 
third stroke have not been made, and consequently the poorer 
economy for long cut-off cannot be shown for this engine as for 
the engine of the Michigan. 

Hallauei’s Tests. — In Table V are given the results of a 
number of tests made by Hallaucr on two engines, one built by 
Hirn having four flat gridiron valves, and the other a Corliss 
engine having a steam-jacket. Two tests were made on the 
former with saturated steam and six with superheated steam. 
Three tests were made on the latter with saturated steam and 
with steam supplied to the jackets. These tests have a historic 
interest, for though not the first to which Hirn's analysis was 
applied, they are the most widely known, and brought about the 
acceptance of his method. They have also a great intrinsic 
value, as they exhibit the action of two different methods of 
ameliorating the effect of the action of the cylinder walls, namely, 
by the use of superheated steam and of the steam-jacket. In all 
these tests there was little compression, and Q<t, the interchange 
of heat during compression, is ignored. 

Superheated Steam. — Steam from a boiler is usually slightly 
moist, x, the quality, being commonly 0.98 or 0.99. Some boilers, 
such as vertical boilers with tubes through the steam space, give 
steam which is somewhat superheated, that is, the steam has a 
temperature higher than that of saturated steam at the boiler- 
pressure. Strongly superheated steam is commonly obtained by 
passing moist steam from a boiler through a coil of pipe, or a 
system of piping, which is exposed to hot gases beyond the 
boiler. 


































Superheated steam may yield a considerable amount of heat 
before it begins to condense; consequently where superheated 
steam is used in an engine a portion of the heat absorbed by the 
walls during admission is supplied by the superheat of the steam 
and less condensation of steam occurs. This is very evident in 
Dix well’s tests given by Tabic XXV, on page 271, where the 
water in the cylinder at cut-off is reduced from 52.2 per cent to 
27.4 per cent, when the cut-off is two-tenths of the stroke, by 
the use of superheated steam; with longer cut-off the effect is 
even greater. This reduction of condensation is accompanied 
by a very marked gain in economy. 

The way in which superheated steam diminishes the action 
of the cylinder walls and improves the economy of the engine is 
made clear by Hallauer’s tests in Table V. A comparison of 
tests 1 and 3, having six expansions, shows that the heat Q a 
absorbed during admission is reduced from 28.3 to 22.4 per cent 
of the total heat supplied, and that the exhaust waste is corre- 
spondingly reduced from. 21.6 to 12.5 per cent. A similar 
comparison of tests 2 and 5, having nearly four expansions, 
shows even more reduction of the action of the cylinder walls. 
The effect on the restoration of heat Q t during expansion appears 
to be contradictory: in one case there is more and in the other 
case less. It does not appear profitable to speculate on the 
meaning of this discrepancy, as it may be in part due to errors 
and is certainly affected by the unequal degree of superheating 
in tests 3 and 5. It may be noted that the actual value of Q c in 
calories is nearly the same for tests 1 and 2, there being a small 
apparent increase with the increase of cut-off, which is, however, 
less than the probable error of the tests. The exhaust waste Q c 
is much more irregular for tests 3 to 7 for superheated steam. 
The increase from 81 to 87 b.t.u. from test 6 to test 7 may 
properly be attributed to a less degree of superheating; the 
increase from 66 to 81 b.t.u. for tests 5 and 6 is due to longer 
cut-off and less superheating; finally, the steady reduction from 
75 to 66 b.t.u. for the three tests 3, 4, and 5 is probably due to 
the rise of temperature of the superheated steam, which more 






SlifeJ 







than compensates for the effect of lengthening the cut-off 
Finally in test 8 the exhaust waste is practically reduced to 
zero by the use of strongly superheated steam in a non-con- 
densing engine; this shows dearly that the exhaust waste Q t by 
itself is no criterion of the value of a certain method of using 
steam. 

Steam-Jackets. •— If the walls of the cylinder of a steam- 
engine are made double, and if the space between the walls is 
filled with steam, the cylinder is said to he steam- jacketed. 
Jloth barrel and heads may he jacketed, or the barrel only may 
have i\ jacket; less frequently the heads only are jacketed. The 
principal effect of a steam jacket is to supply heat during the 
vaporization of any water which may he condensed on the 
cylinder walls. The consequence is that more heal is returned 
la the Hlcum during expansion and the walls arc holler at the 
end of exhaust than would he the ease for an unjackcted engine. 
This is evident from a comparison of tests i and it in Table V. 
in lest i only a small part of the heat absorbed during admission 
is returned during expansion, and by far the larger part is wasted 
during exhaust. In lest 11 the heat returned during expansion 
is equal to two-thirds that absorbed fluring admission, though a 
part of this heat of course comes from the jacket. About half 
as much is wasted during exhaust as is absorbed during admission. 
The condensation of steam is thus reduced indirectly; that is, 
the chilling of the cylinder during expansion, and especially 
during exhaust, is in part prevented by the jacket, and conse- 
quently there is less initial condensation and less exhaust waste, 
and in general a gain In economy. The heat supplied during 
expansion, though it docs some work, is first subjected to a 
loss of temperature in passing from the steam in the jacket to 
the cooler water on the walls of the cylinder, and such a non- 
reversible process is necessarily accompanied by a loss of effi- 
ciency. On the other hand, the heal supplied by a jacket during 
exhaust passes with the steam directly into the exhaust-pipe. 
It appears, then, that the direct cited of a steam-jacket is to 
waste heat; the indirect effect (drying and warming the cylinder) 








educes the initial condensation and the exhaust waste and often 
jives a notable gain in economy. 

Application to Multiple-expansion Engines. — The application 
)l Him ’s analysis to the high-pressure cylinder of a compound or 
nultiplc-expansion engine may be made by using equations 
059 )> (*6°), and (162) for calculating Q a , Q it and Q d > while 
equation (174) may be used to find Q 0 . 

A similar set of equations may be written for the 'next cylinder, 
whether it be the low-pressure cylinder of a compound engine 
or the intermecliatc cylinder of a triple engine, provided we can 
determine the value of Q', the heat supplied to that cylinder. 
But of the heat supplied to the high-pressure cylinder a part 
is changed into work, a part is radiated, and a part is rejected 
in the exhaust "waste. The heat rejected is represented by 

Q + Q,-AW - Q. (175) 

where Q is tile heat supplied by the steam entering the cylinder, 
Qj is the heat supplied by the jacket, AW is the heat-equivalent 
of the work clone in the cylinder, and Q e is the heat radiated. 
Suppose the steam from the high-pressure cylinder passes to an 
intermediate receiver, which by means of a tubular rchcater or 
by other means supplies the heat Q r , while there is an external 
radiation The heat supplied to the next cylinder is con- 

sequently 

Q' - Q + Qj - AW - Q, 4 - Q r - Q„ . . (176) 

In a like manner wc may find the heat Q" supplied to the 
next cylinder; for example, to the low-pressure cylinder of a 
triple engine. 

It is clear that such an application of Hirn’s analysis can be 
made only when the several steam-jackets on the high- and the 
low-pressure cylinders, and the reheater of the receiver, etc., 
can be drained separately, so that the heat supplied to each 
may bo determined individually. 

Tabic VI gives applications of Hirn’s analysis to four tests 
on the experimental triple-expansion engine in the laboratory 
of the Massachusetts Institute of Technology. 



3 34 INFLUENCE. OF THE CYLINDER WALLS j 

ll will be noted that the steam in the cylinders becomes drier 1 

in Its course through the engine, under the influence of thorough j 
steam-jacketing with steam at boiler-pressure, and is practically ! 

dry at release in the low-pressure cylinder. All of the tests \ 

show superheating in the low-pressure cylinder, which is 0 f 
course possible, for the steam in the jackets is at full boiler- 
pressure while the steam in the cylinder is below atmospheric 
pressure. The superheating was small in all cases — * not more 
than would he accounted for by the errors of the tests. The 
exhaust waste Q c " from the low-pressure cylinder in the triple- 
expansion tests is very small in all eases — less than two per cent 
of the heat supplied to the cylinders. The apparent absurdity of j 
a positive value for Q,” in two of the tests (indicating an absorp- 
lion of heat by the cylinder walls during exhaust) may properly 
he attributed to the unavoidable errors of the test. 

In the fourth lest, when the engine was developing 120.3 
horse-power, there were 1305 pounds of steam supplied to the 
cylinders in an hour, and 345 pounds to the steam-jackets; so 
that the steam per horse power per hour passing through the 
cylinders was 

1 305 * iaa.3 «■ to. 86 pounds, 

while the condensation in the jackets was 

345 4* 130.3 -** a.87 pounds. 

So that, us shown on page 1.15, the n.r.u. per horse- power per 
minute supplied to the cylinders by the entering steam was 
iiji.i, while the jackets supplied 40.6 n.r.u., making in all 
3 31 .7 n.r.u. per horse power per minute for the heat-consumption 
of the engine. In the same connection it was shown that the 
thermal efficiency of the engine for this lest was 0.183, while 
the efficiency for incomplete expansion in a non-conducting 
cylinder' corresponding to the conditions of the test was 0.222; 
so that the engine was running with 0.834 of the possible efficiency. 
In light of this satisfactory conclusion some fads with regard to 
the teal arc interesting. 
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Table Vf. 

APPLICATION OF IIIRN'S ANALYSIS TO THE EXPERIMENTAL 
ENGINE IN TIIK LABORATORY OF THE MASSACHUSETTS 
INSTITUTE OF TECIINOLOO Y. 

TRIPLE-EXPANSION; CYWNOKK IHAMCTJIMH, Q, lb, AND 34 INCHES STROKE, 30 

INCHES. 

Trims. Ant. Soc. A fecit. fCitgrs., vol. xd, p. 740. 


Duration of test, mirm tea . . 

Total number of revolutions , 
Revolutions per mlmtlu . . . 
Steam-consumption during 
Passing through cylinders , 
Condensation lit hp. Jacket 
in first rccciver-jnckcl . . 

fn Inter, jacket 

Jn second receiver-jacket . 
in Ip. jackal 


Condensing water for test, Hih. 
Priming, by calorimeter , . . 
Temperatures, Fnhronhdl : 
Condensed steam ..... 
Condcnsing-wnier, cold . . 
Comlcmlng-wnier, hot , . . 
Pressnro of tho ntmosphere, 
barometer, lbs. |>cr sq. In. . 
Boiler pressure, lbs. jter sq, in. 

lute 

Vacuum In condenser, Incites of 

cury 

Events 0/ tho stroke: 
High-pressuro cylinder — 
Cut-off, crank etui . . . 

licurl cud 

Release, bath ends . . . 
Compression, crank end , 

head end 

Intermediate cylinder — ■ 
Cut-off, both ends . . , 
Release, both ends . . . 
Compression, crank end . 

head end 

Low- press tiro cylinder — 
Cut-off, crank end . . . 


Cut-off, crank end 
head end , , , 
Release, both ends 


bo 

HH.3 



60 

5M8 

»5-B 


33186 30344 30353 

O.OI3 o.ou 0.013 
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Tadlf. VI Continued. 


Ab'Htluif iirr»tiirrN In dm « ylintlrr, 
(Huimln |»cr h<|. In.: 

IHuh I'rrswurr i yllmlrr 
Cut ulf, t rank en«l . . 

lirttd rild 

Krknw, i rnnk rml . . 

head rml 

C«»tnj»rrft>lt , ii, <r<ink rml 

Jtrrttl rml 

Adiui-vmm. i rank md . 

hrn'l mil 

Intrrmrdintr i yliwlrr 
Cul off. i rank rml 

Itrrtil mil 

Urica***, t rank end . . 

hrnd rild 

tViiiijircHalnn, <r«nk mil 

lirad nnl 

Admlminn. trank. rml . 

Jicnd rllil 

U»\v jirrwwn* t vllmlrr 
Cut off, « rank rml . . 

Itritil rml 

Urlmsr, i rnnk rml < ■ 

Iirnil rml 

Cnm|>trvt{i'U i\ml rnlml^lnn 
i tank rml .... 
lirad rl» l ..... 

Ifrnl n|uivaU nlr« of rxtcriud Work, 
U.T.U., frtim h read'll Imllndor 
diagram inline »f nl*»Hile vm uutn 
IIIhIi pmwurr t yllmlrr 
Dunnu ndmlwUntt, 

/III 4. r rank rml 

Iirnd rncl 

During rX|i«n»lon. 

/Ml », r rank end 

Itrttil rml 

During rxltnuMl, 

/( U ,. < rank cud 

lirad rml 

During .timprraaliui, 

A II 4. i rank rml 

hrnd rml ....... 

lntcrrordlnlr i vllmlrr • 

I Hiring mlmMnil, 

/til*, i rank rml 

head rnd ....... 

During rxjMinainn, 

dHV. t ra»lt 

head end 


5-7* 

fi.Ai 

10.^5 

io.Ki 

VA 

o..»H 

O.flJ 


7*S« 
7* 4.1 

i|.5'l 

fJ.3J 


l. 

U. 

m. 

IV. 

MS •<> 

MS 0 

138.8 

^38.3 

M.l M 

143 * * 

140.3 

HO. 6 

•n;i 

41*5 

44.7 

48.4 

•n -5 

40.5 

45. 7 

49.8 

*13 • 7 

45*3 

48.5 

SJ» 

48.7 

47*0 

54*5 

62.0 

*M -5 

I. ft. ft 

7 J.a 

3 i .2 

7*5 * .3 

74*8 

86.7 

97.8 

37 * J 

37 * A 

38.6 

40.9 

35 0 

35*3 

39*6 

43.6 

» 3 *<' 

14.3 

14.7 

16.0 

1 . 1*4 

13. 8 

14. 0 

16.0 

10.3 

)ki 

ift.a 

19.0 

17. u 

30.3 

22.4 

jo. 4 

30.8 

33.3 

33.1 

ji . 1 

3 J.K 

34.3 

20.7 

1 J. 1 

13 . tl 

ra..t 


t 3.0 

13.4 

» 3 *‘ 

14.0 

5 **» 

S:i 

5 * ’ 

5*7 

5*4 

5*9 

6.4 

3*7 

3*8 

4.1 

4.6 

4.3 

43 

4*5 

4*7 


5 - 7 m 

A.J 7 

10. 7<j 

ti.«M 

7 X(j 
H.lS 

«.(*> 

a. f»4 


7*57 

7SS 

o*S4 

9*3« 


J .00 

.43 

10.40 

11.33 

R.44 

0-04 

0.40 

0.73 


7 <f ;8 

ft. 4b 

Q.Ql 

10.37 


8,19 

9 5° 

10. 15 
11.09 

9.03 

9.66 


;E 


8.64 
9.10 

10.64 

II. M 
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Table VI — Continued . 


• 

I. 

II. 

III. 

IV- 

Intermediate cylinder — 

During exhaust, 

A IV,', crank end 

9.27 

9-47 

9.64 

to- 54 

head end 

9,27 

9-47 

I0.l8 

ro.84 

During compression, 

A \V /, crank end 

°-39 

o -43 

0-57 

0.46 

head end 

0. 60 

0.70 

O.78 

0.84 

Low-pressure cylinder — 

During admission, 

A liV', crank end 

7-75 

7-95 

8-33 

8.97 

head end 

7- 99 

8. 19 

8.66 

9-39 

During expansion, 

A Wt", crank end 

6.81 

7. 10 

6.86 

7-45 

head end 

6,87 

7.12 

7-34 

7 - s 7 

During exhaust, 

A W/', crank end 

5.08 

5.08 

4 . 62 

5-°9 

head end 

5.08 

5.16 

4.81 

5.00 

During compression, 

AW 4", crank end 

0.00 

0.00 

0.00 

0.00 

head end 

0.00 

0.00 

0.00 

0.00 

Quality of the steam in the cylinder. 
At admission and at compression 
the steam was assumed to be dry 
and saturated: 

High-pressure cylinder — 

At cut-off a’j . 

0.785 

0.784 

0.848 

0.875 

At release x 9 . 

0,899 

°- 9°3 

0,920 

0.931 

Intermediate cylinder — 

At cut-off x, . 

0. 899 

0.912 

0.906 

0.908 

At release .ra' . 

0.994 

* * * 

* + * 

* * * 

I^ow-pressure cytindcr — 

At cut-off x” . 

0.978 

* * * 

0.070 
♦ * 4 

0.974 

At release -v," . 

>> * * 

* * * 

* + * 

Interchanges of heat between the 
steam and the walls of the cylin- 
ders, in u. t. u. Quantities 
affected by the positive sign arc 
absorbed by the cylinder walls; 
quantities affected by the negative 
sign are yielded by the walls: . . 

High-pressure cylinder — 

Brought in by steam . Q . . . 

132-93 

130.77 

141 . ti 

149-84 

During admission . . . Q* . . 

2 . 3-54 

23 .43 

17.49 

14-93 

During expansion . , . Qt . . 

— 18.69 

— 19.28 

-iS -33 

- 14-03 . 

During exhaust . . . . Q, . . 

- 8.36 

— 7.22 

~ 3 - 5 ° 

— 2.38 

During compression . . Qj . . 

o. 4 S 

o-Si 

0.49 

0.52 

Supplied by jacket . , Qj • • 

4 - 5 6 

4.08 

2-39 

2.50 

7 .ost by radiation . . . Q, . . 

r.50 

r.52 

r -54 

1-54 

First intermediate receiver — 
Supplier! by jacket - . Q, . . 

4.93 

S-20 

5- 6 7 

5-95 

Lost by radiation , . . Qrt • . 

0.58 

O.S8 

°-59 

0.59 


* Superheated, 
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Tajh.k VI Continued 


InlrrmrMJrtlr i ylindrr 


brought In by nirum 


During ndrriiftsinn . . 

• <v 

During eximndort . . 

• ^ 

(luring exhaust . . . 

• V* 

During tornprewdon . 

• V/ 

Supplied by jiukrt . 

• W', 

1 a ml by radiation . . 

• vs 


Set unit inlrrmnlintc m elver 
Supplied by J«i krt . . ^1/ 

IjbI by ruilirtilon . . Dm* 

Ijtiw (irrMurr (ylludrr 

brought In l*y ptnim . V" 
During ntlmiwlcifi , . . 

During numnah <u . . . (v" 
f hiring eutuuiat .... 

During mmprevdon . . {)/' 
Supplied by |n> ket . . (*/' 
bwl by nidli*thm . . . 

ToUil los<t by radiation 

My j»/THu»lmiry ir»ja . XU# 
ily njimllnn ( 1 7 1 ) . • • 

J'tnver «ml rt mutiny: 

Hrnl riiulvdlenii nl works |«*r 
Bffnke 

11. 1‘. 1 yHmler . . . .AH’. 
Intrrm 1 yllhdrr . . . . /M ,# 

I.. I*. 1 > Under . .'Hr" 

T..l»h . .... 

Tola) Meal /urnlabrd )>y Jai krls . 
Distribution «f work 

M/gh firt^ure r Winder 

tntrnnedlnlr ryllndrr 

/rf»w jirr»ure tyllmlrr 

Ilnra 4 ?“t*iwrr . . 

Slertm |wf li t*. J«er imuf . ■ . ■ . 
II T.l\ jser 11 1*, jwr mlnutr . , 


1. 

11 

111. 

IV. 

ii.fn 

iH.ftS 

1 jij.m 
“•74 

iK.H.j 

»37-&? 

“•33 

'JO. 10 

146.64 

-SS 

0. J j 
o..|.j 

*•57 

o-5‘ 

j.88 

0.63 

3 b 

l».Hj 

7-5° 

7-97 

8.U 

i • 45 

i..|X 

J.50 

. Mt 

.J . J»o 

4 . n-l 

■I.37 

4.11 

( . J u 

1 . »i 

l,3 3 

1.34 

«.<<»• ‘4 

i to . JO 

.5. «5 

tjM,, 

§•57 

M7-JJ 

5.39 

*1.5* 

7.^1 


-I0.1J 

j.yt 

J. J.l 

• t-14 

- O.u 

O.ltU 

0.00 

0,00 

0.00 

7 .oM 

fi. 10 

7*4i 

714 

•1 .11 

4..JO 

4-15 

■M? 

,n< 7 

10. JO 

JO.Jt 

“MS 

it . f*H 

. to. II) 

«-75 

, 8.0? 

H.U 

M..14 

(|. 1 7 

9-Si 

7.U 

6 .«i 5 

7-77 

8.43 

u.fM 

10,06 

10.87 

n. 79 

.IS . 3« 

45 -.15 

3?.Hi , 

mi 

37 t K , 

'?'<>■> j 

37.71 

38.45 

f . cm 

l.CKJ 

1.00 

1.00 

o.g-t 

o.K) 

o.8$ 

0.88 

1. 1 i 

1.0 

1.19 

1.34 

t*M.U 

104. a 

uj.l 

130,3 

t4.b5 

14.31 

»3-00 

13.73 

■M7 

Ml 

336 

333 


li will be nou-tl ilmi for tr»i IV 14(7.84 n.T.u. per stroke are 
brought in by tin- htcnm mi|i|ilicd to the hinh-prcflaurc cylinder 
nnd thni 38.41 ; m.t.u. j»i*r Hirukr lire wuppUcd by tlic Btcum*|ackeUj 
and tluii, further, 314.7.1 n.T.u, lire dmiwtt into work while 10.35 
nrc rodiulcd. Thu* it tip pat r* ihiu the jitckds furnished almost 
much heat «« was required i« do id! t)u? work developed. Of 
the heat furnished bv the jnc kris something more than a third 
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was radiated; the other two-thirds may fairly be considered 
to have been changed into work, since the exhaust waste of the 
low-pressure cylinder was practically zero. 

Quality of Steam at Compression. — In all the work of this 
chapter the steam in the cylinder at compression has been con- 
sidered to be dry and saturated, and it has been asserted that 
little if any error can arise from this assumption. It is clear 
that some justification for such an assumption is needed, for a 
relatively large weight of water in the cylinder would occupy 
a small volume and might well be found adhering to the cylinder 
walls in the form of a film or in drops; such a weight of water 
would entirely change our calculations of the interchanges of 
heat. The only valid objection to Hirn’s analysis is directed 
against the assumption of dry steam at compression. Indeed, 
when the analysis was first presented some critics asserted that 
the assumption of a proper amount of water in the cylinder is 
all that is required to reduce the calculated interchanges of heat 
to zero. It is not difficult to refute such an assertion from 
almost any set of analyses, but unfortunately such a refutation 
cannot be made to show conclusively that there is little or no 
water in the cylinder at compression; in every case it will show 
only that there must be a considerable interchange of heat. 

For the several tests on the Him engine given in Table V, 
Hallaucr determined the amount of moisture in the steam in the 
exhaust-pipe, and found it to vary from 3 to 10 per cent. Professor 
Carpenter* says that the steam exhausted from the high-pressure 
cylinder of a compound engine showed 12 to 14 per cent of 
moisture. Numerous tests made in the laboratory of the 
Massachusetts Institute of Technology show there is never a 
large percentage of water in exhaust-steam. Finally, such a 
conclusion is evident from ordinary observation. Starting from 
this fact and assuming that the steam in the cylinder at com- 
pression is at least as dry as the steam in the exhaust-pipe, we 
are easily led to the conclusion that our assumption of dry steam 
is proper. Professor Carpenter reports also that a calorimeter 
v Tratts. Am. Soc. Afcch. F.ngrs., vol. xif, p. 81 1. 
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test of steam drawn from the cylinder during compression 
showed little or no moisture. Nevertheless, there would still 
remain some doubt whether the assumption of dry steam at 
compression is really justified, were we not so fortunate as to 
have direct experimental knowledge of the fluctuations of tem- 
perature in the cylinder walls. 

Dr. Hall ’s Investigations. — For the purpose of studying 
the temperatures of the cylinder walls Dr. E. H. Hall used a 
thermo-electric couple, represented by Fig. 56. 1 is a cast- 

iron plug about three-quar- 
ters of an inch in diameter, 
which could be screwed into 
the hole provided for attach- 
ing an indicator-cock to the 
cylinder of a steam-engine. The inner end of the plug 
carried a thin cast-iron disk, which was assumed to act as 
a part of the cylinder wall when the plug was in place. To 
study the temperature of the outside surface of the disk a nickel 
rod N was soldered to it, making a thermo-electric couple. 
Wires from / and N led to another couple made by soldering 



Fjo. j6. 


together cast-iron and nickel, and this second couple was placed 
in a bath of paraffine which could be maintained at any debited 
temperature. In the electric circuit formed by the wires joining 
the two thermo-electric couples there was placed a galvanometer 
and a circuit-breaker. The circuit-breaker was closed by a j 
cam on the crank-shaft, which could be set to act at any point j 
of the revolution. If the temperature of the outside of tho disk j 
S differed from the temperature of the paraffine bath at the inslant j 
when contact was made by the cam, a current passed through ] 
the wires and was indicated by the galvanometer. By property ; 
regulating the temperature of the bathj the current could be 
reduced and made to cease, and then a thermometer in the bath 
gave the temperature at the surface of the disk for the instant, 
when the cam closed the electric circuit. Two points in the 
steam-cycle were chosen for investigation, one immediately 
after cut-off and the other immediately after compression, since 
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they gave the means of investigating the heat absorbed during 
compression and admission of steam, and the heat given up 
during expansion and exhaust. 

Three different disks were used : the first one half a millimetre 
thick, the second one millimetre thick, and a third two milli- 
metres thick. From the fluctuations of temperature at these 
distances from the inside surface of the wall some idea could be 
obtained concerning the variations of temperature at the inner 
surface of the cylinder, and also how far the heating and cooling 
of the walls extended. 

The account given here is intended only to show the general 
idea of the method, and does not adequately indicate the labor 
difficulties of the investigation which involved many secondary 
investigations, such as the determination of the conductivity of 
nickel. Having shown conclusively that there is an energetic 
action of the walls of the cylinder, Dr. Hall was unable to continue 
his investigations. 

Calendar and Nicolson’s Investigations. — A very refined 
and complete investigation of the temperature of the cylinder 
walls and also of the steam in the cylinder was made by 
Callcndar and Nicolson * in 1895 at the McGill University, 
by the thcrmo-elcctric method. 

The wall temperatures were determined by a thermo-electric 
couple of which the cylinder itself was one clement and a wrought- 
iron wire was the other element. To make such a couple, the 
cylinder wall was drilled nearly through, and the wire was 
soldered to the bottom of the hole. Eight such couples were 
established in the cylinder-head, the thickness of the unbroken 
wall varying from 0.01 of an inch to 0.64 of an inch. Four pairs 
of couples were established along the cylinder-barrel, one near 
the head, and the others at 4 inches, 6 inches, and 12 inches 
from the head. One of each pair of wall couples was bored to 
within 0.04 of an inch, and the other to 0.5 of an inch of the 
inside surface of the cylinder. Other couples were established 
along the side of the cylinder to study the flow of heat from the 
* Proceedings of the Inst. Civ. Engrs., vot. cxxxii. 
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head inward lln* uitnk end. The temperature of the steam 
near the cylinder head was mensural hy a platinum thermometer 
capable of indicating <«rr<r(ly rapid fluctuations of temperature 
The engine ie*wl h»r liu* investigations whs h high-speed 
engine, witli u hulamed slide valve eonlrolled by a %-whcel 
governor. Duting the investigations the nu-oft was set at s 
Axed point (about mu* tilth stroke), and t lie speed wag controlled 
externally. Hy tin* addition of a sulheieni amount of lap i 0 
prevent the valve from taking steam at the trunk end the engine 
was made single a< ting. ! he normal speed of (he engine was 
jyo revolutions per minute, hut during the investigations (he spout 
was from .jo to revolut ions per minute. The diameter of the 

cylinder was to.*, imho* and the stroke of the piston was ij 
inches. The cleurum e was ten per cent of the piston displacement, 
From the mdimlor diagrams an analysis, nearly equivalent to 
Dim's analysis, showed the heat yielded to or inken from the 
walls hy the steam; on the other hand the thermal measurements 
gave rut imlhafinn of tin* heat gained hy nr yielded by the walls, 
The results are given in the following inhle; and considering the 
difficulty of the investigation and tin* large allowance for leakage, 
die inhinrdume must lie admitted to he very natiafaclory. 
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The platinum thermometer near the cylinder-head .showed 
superheating throughout compression, thu.s confirming our idea 
that steam can be treated a.s dry and .saturated at llu* beginning 
of compression. This same thermometer fell rapidly during 
admission and showed saturation practically up to nil-off, as 
of course it should; after cul-off it began again to show a tem- 
perature higher limn that due to the indicated pressure, which 
shows that the cylinder-head probably evaporated all the moisture 
from its surface soon after cul-off. If this conclusion is nirrei t, 
there would appear to he little advantage from steam jacketing 
a cylinder-head, a conclusion which is borne out by tests on the 
experimental engine at the Massachusetts Institute of Technology. 

The following table gives the areas, temperatures, and the heat 
absorbed (luring a given test by the various surfaces exposed to 
steam at the end of the stroke, i.e., the clearance surface. 

TaJJLK VIII. 

CYCLICAL HKAT-AHSOKI , TfON > FOR C’LKAKANC'K St IK FAC KK. 


P onion* ol sur/ace co»*)rlerer!« 


Cover face, 1 0.5 Incho.4 tllnrotSer . . 

Cover side, 3.0 inches 

Piston fact-, 10.5 inches dift meter. . . 

Piston side, 0.5 inch 

Barrel side, 3.0 inches 

Counterbore, 0.5 inrh 

Ports and valves 

Sum3 and means 


Ar«a 

M#an 


0/ mriaeo, 

jenmenHttr#, 

ii.ru. 

»qtitr« (oil. 

V. 

j>ef miaul*. 

O, ItO 

.105 

Afl 

0. 70 

305 

V) 

0.60 

a a.S 

1 |U 

0. 1 t 

3 U.S 


0.71 

3 ‘I 7 


0. 1 1 

J()l 

A 

Q.t)Q 

.ms 

If U 

. 1 - 7-1 

toi 

S.K* 


The heal absorbed by the side of the cylinder wall uncovered 
by the piston up to 0.25 of the stroke was estimated to hr 5*5 
b.t.u. per minute, which added to the above sum gives 585 ii.T.ti. ; 
from which it appears that 90 per cent of the condensation is 
chargeable to the clearance surfaces, which were exceptionally 
large for this type of engine. Further inspection shows that 
the condensation on the piston and the barrel is much more 



energetic than on the cover or head. For example, the face of 
the piston absorbs no b.t.u., while the face of the cover absorbs 
only 68 b.t.u., and the sides of the cover and of the barrel, each 
3 inches long, absorb 79 and 123 b.t.u. respectively. This 
relatively small action of the surface of the head indicates in 
another form that less gain is to be anticipated from the appli- 
cation of a steam-jacket to the head than to the barrel of a 
steam-engine. 

The exposed surfaces at the side of the cylinder-head and 
the corresponding side of the barrel arc due to the use of a 
deeply cored head which protrudes three inches into the counter- 
bore of the cylinder, and which has the steam-tight joint at the 
flange of the head. It would appear from this that a notable 
reduction of condensation could be obtained by the simple expe- 
dient of making a thin cylinder-head. 

Leakage of Valves. — Preliminary tests when the engine was 
at rest showed that the valve and piston were tight. The valve 
was further tested by running it by an electric motor when the 
piston was blocked, the stroke of the valve being regulated so 
that it did not quite open the port, whereupon it appeared that 
there was a perceptible but not an important leak past the valve 
into the cylinder. There was also found to be a small leakage 
past the piston from the head to the crank end. 

But the most unexpected result was the large amount of leakage 
past the valve from the steam-chest into the exhaust. This was 
determined by blocking up the ports with lead and running the 
valve in the normal manner by an electric motor. This leak- 
age appeared to be proportional to the difference of pressure 
causing the leak, and to be independent of the number of 
reciprocations of the valve per minute. From the tests thus 
made on the leakage to the exhaust, the leakage correction in 
Table VII was estimated. Although the investigators concluded 
that their experimental rate of leakage was quite definite, It 
Would appear that much of the discrepancy between the indicated 
and calculated condensation and vaporization can be attributed 
to this correction, which was two or three times as large as the 
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weight of steam passing through the cylinder. Under the most 
favorable condition (for the seventh test) the leakage wa.s 
0.0494 of a pound per stroke, and since there were 97 strokes 
per minute, it amounted to 

0.0494 X 97 X 60 — 287.5 

pounds per hour, or 32.6 pounds per horse-power per hour, so 
that the steam supplied per horse-power per hour amounted to 
56.4 pounds. If it be assumed that the horse-power is propor- 
tional to the number of revolutions, then the engine running 
double-acting will develop about 44 horse-power, and the leak- 
age then would be reduced to 6.5 pounds per horse-power 
per hour. Such a leakage would have the effect of increas- 
ing the stcam-consumption fr.om 23.5 to 30 pounds of steam per 
horse- power per hour. 

To substantiate the conclusions just given concerning the 
leakage to the exhaust, the investigators made similar tests on 
the leakage of the valves of a quadruple- expansion engine, which 
had plain unbalanced slide-valves. The valves chosen were the 
largest and smallest; both were in good condition, the largest 
being absolutely tight when at rest. Allowing for the size and 
form of the valve and for the pressure, substantially identical 
results were obtained. 

The following provisional equation is proposed for calculat- 
ing the leakage to the exhaust for slide-valves: 

leakage = 

where l is the lap and e is the perimeter of the valve, both in 
inches, and /> is the pressure in pounds in the steam-chest in 
excess of the exhaust-pressure. The value of the constant 
in the above equation is 0.021 for the high-speed engine used by 
Callcndar and Nicolson, and is 0.019 * or onc tcst cac ^ 
valves for the quadruple engine, while another test on the large 
valve gave 0.021. 




This mutter of me leakage' to the exhaust is worthy of further 
investigation. Should it he found to apply in general to slide- 
valve and piston valve engines it would go fur towards explaining 
the superior economy of engines with separate admission- and 
exhaust* valves, and especially of engines with automatic drop- 
cut-off valves which are practically at rest when closed. It 
may he remarked that the excessive leakage for the engine 
tested appears to he due to the size and form of valves. The 
valve was large so its to give a good port-opening when the cut-off 
was shortened by the fly-wheel governor, and was faced oft on 
l, nth sail's so that it could slide between the valve-seal and a 
massive cover- -plait. The cover-plate was recessed opposite 

the steam purls, and the valve was constructed so as lo admit 
steam at both faces; from one the steam passed directly into the 
cylinder, and from the other it passed into the covcr-plale and 
thence into the sleam-port. This type of valve has long been 
used on the Porter Allen and the. Straight-line engines; the former, 
however, 1ms separate steam- and exhaust-valves. Such ft valve 
1ms u very long perimeter which accounts for the very large cflcct 
of tlu* leakage. 

Calendar and Nicolson consider that the leakage is probably 
in tin- form of water which is formed by condensation of steam 
on the surface of tile valve-seat uncovered by the valve, and say 
further, that it is modified by the condition of lubrication of 
the valve-seal, as oil hinders the leakage. 



CHAPTER XII. 
ECONOMY OF STEAM-ENGINES. 


In this chapter an attempt is made to give an idea of the 
economy to be expected from various types of steam-engines 
and the edects of the various means that are employed when 
the best performance is desired. 

Table X gives the economy of various types of engines, and 
represents the present state of the art of steam-engine construc- 
tion. It must be considered that in general the various engines 
for which results are given in the table were carefully worked up 
to their best performance when these tests were made. In 
ordinary service these engines under favorable conditions may 
consume five or ten per cent more steam or heat; under unfavor- 
able conditions the consumption may be half again or twice us 
much. 

All the examples in the tabic arc taken from reliable tests; a 
few of these tests arc stated at length in the chapter on the influ- 
ence of the cylinder walls; others are taken from various series 
of tests which will be quoted in connection with the discussion 
of the edects of such conditions as stcam-jackcting and com- 
pounding; the remaining tests will be given here, together with 
some description of the engines on which the tests were made. 
These tables of details arc to be consulted in case fuller informa- 
tion concerning particular tests is desired. 

The first engine named in the table is at the Chestnut Hill 
pumping-station for the city of Boston. Its performance is 
the best known to the writer for engines using saturated steam. 
Some engines using superheated steam have a notably less steam- 
consumption; but the heat-consumption, which is a better criterion 
of engine performance for such tests, is little if any better. The 
first compound engine for which results are given, used 9.6 
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Tadi.k X. 


i:\AM PI.KK OK STKAM KNGINK Kl'ONOMY. 


Type ot lifORls*. 


Triple •cxfuwiUm engine*: 

!<r«vilt |umi|>ing engine nl t'hrolmil I1UI 
Sul if r inilhriigiitr nt Augsburg ..... 
K*|*e rjnicntttl engine nt ihr Mnv»m iHiirllt 

lihtiuile uf Technology 

Murine engine ltmt$ 

Murine engine 

Murine rnghie /IrwiUne 

(“omjMiuml engine 1 *: 

Horizontal mill 'engine: 

&ui(crUcatcri 

Mturnlnl 

I.rfvvlll |iUm|iiltR engine nt ( .(illi^villt 1 . . 

Marine engine Ruth 

Mnrine engine l*nri Vnmo 

Siiii|i|r engines, innclrretlhg: 

t’urtks engine nt (‘rruanl 

Cnrllwi engine without jiukcl 

jlnrrii (’orllw engine nt i*ln< tnrmll . . . 
Marine engine Ualhtlu 

Kim tile engine**, mm comlpmilng: 

Corliss engine nl Crruwit ....... 

Cur lifts engine without jm ket 

llarri»*C<irlia» engine nt Ciuclumttl . . . 
lhmW CmlU* engine nl ihe Mtwwu h\»ru* 
Institute of Technology 

Direct acting 

Mrr |»um(» nl (he Mnfwuhuwll’t Institute 

of Tei hnology 

nl reduced |«ower 

Steam and frrd pump on the Mhnwtifxilix 
nt reduced jKiivcr 



pounds of steam and iqq ii.t.u. per minute, the gain being 
hardly more limn the variation that might he attributed to tliUcr* 
cncc in apparatus, etc. The Chestnut Hill engine, which was dc- 


+ Strokes |(cr minute. 


signed by Mr. E. D. Leavitt, has three vertical cylinders with their 
pistons connected to cranks at 120° Each cylinder has four 
gridiron valves, each valve being actuated by its own cam on a 
common cam-shaft; the cut-off for the high-pressure cylinder is 
controlled by a governor. Steam-jackets are applied to the 
heads and barrels of each cylinder, and tubular reheaters are 
placed between the cylinders. Steam at boiler-pressure is sup- 
plied to all the jackets and to the tubular rcheaters. 

Table XI. 

TRIPLE-EXPANSION LEAVITT PUMPING-ENGINE AT THE 
CHESTNUT HILL STATION, BOSTON, MASSACHUSETTS. 

CYLINDER DIAMETERS 1 3.7, 24.375, AND 39 INCHES; STROKE 6 FEET. 

By Professor K. I*\ Miller, Technology Quarterly, vot. ix, p. 72. 


Duration, hours . . 24 

Total expansion 21 

Revolutions per minute 50.6 

Steam-pressure above atmosphere, pounds per square inch 175. 7 

Barometer, pounds per square inch 14.9 

Vacuum In condenser, inches of mercury 27.25 

Pressure in high and intermediate jacket and rehcaters, pounds per 

square inch 1 75 .7 

Pressure in tow-pressurc jacket, pounds per square inch 99 .6 

Ilorse-povver 57 5.7 

Slcnm per horsc-powcr per hour, pounds 1 1 . 2 

Thermal units per horse-power per minute 204.3 

Thermal efficiency of engine, per cent 20. S 

Efficiency for non-conducting engine, per cent 28.0 

Ratio of efficiencies, per cent 74 

Coal per horse-power per hour, pounds r. 146 

Duty per 1,000,000 b.t.u 341,855,000 

Efficiency of mechanism, per cent .... . 89 . 5 


The Sulzcr engine at Augsburg has four cylinders in all, a high- 
pressure, an intermediate, and two low-pressure cylinders. The 
high-pressure cylinder and one low-pressure cylinder are in line, 
with their pistons on one continuous rod, and the intermediate 



cylinder is nmingcd in n similur wny with the oilier low-pressure 
cylinder. Tlu- canine has two crunks ut right angles, between 
which is the lly wheel, grooved for rope-driving. H ac |, cy | inc| , r 
Ims four dimlile netittg poppet-valves, nctimled l )y eccentrics 
links, nud levers from n vnlve-slmft. The admission-valves 
(ire controlled by the governors. Four tests were tnnde on this 
engine, us recorded in Table XI I, 

Taw.k XU. 

*1 KIPI.1-: KXI'ANSION IK J/.( INTM, M1M,~t:nc51NE. 

rvMNUKM UlAMKrtfUS 30 . 0 , 44. 5 , ANI» TWO OK 51/1 INCIIKH; fiTKOKK 78,7 

INj'IIKM. 

Muili liy SuiJifeH nf Winlrrtlmr, '/.vituhrijt tin Vnrins Deuhchtr higcnleurt, 

vi il, *), 1 1, 514. 


hur.m.m. iiilmiir* . . . 

Urvnluilnim |« r minuir 

Slr«m-|irrruuirr, jammU |K*f m|Uttrr ln« li . 

Vat uum, Int hfn «»( mm ury ...... 

IIorM”|«iwpr .... 

Steam jwr h«irur"|Kiwpr jx-r hour, |Kiutuk 
Mean f«r fmir .... 11.46 . . 
Coal |Ksr hnm* |niwt«r jicr hour, |xmn<U . 

Mean fur four tesla .... r.^o 
Slmm |«>r |tound of coal 


The test on die experimental engine ul die Massachusetts 
Institute of Technology is rjnolecl here because its efficiency 
and economy nro chosen for discussion in Chapter V 1 1 1 , Taking 
its performance as a basis, it appeal's on page i»|8 that with 150 
pounds boiler pressure and 1.5 pounds absolute back-pressure 
Bitch an engine may lie expected to give a horse-power for 11.5 
pounds of steam, from which it appears dial under the same 
conditions its performance compares favorably with the Sulzer 
engine or even the Teavltt engine. 
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Table XIII. 


MAUINF.-HNGINE TRIALS. 

By Professor Alexander Ii. \V. Kennedy, Proc. Inst. Meek. Engrs., 1889-1892; 
summary by Professor H. T. Bf.aru, 1894, p. 33. 


Triple or compound C. 

Diameter high-pressure cylinder, inches 27.4 

Diameter intermediate cylinder, inches I 

Diameter low-pressure cylinder, inches 

Stroke, inches 

Duration of trial, hours 

Number of expansions 

Revolutions per minute 

Steam-pressure above atmosphere, pounds per square 

inch .... 

Pressure in condenser, absolute, pounds per square 

inch ..... 

Buck-pressure, absolute, pounds per square inch ... 

Horse-power 

Steam per horse-power per hour, pounds 

Thermal units per horse-power per minute 

Coni per horse-power per hour, pounds 

Steam evaporated per pountl of coal 

Weight of machinery per horse- |>ower, pounds . . . 



The engines of the S. S. Iona have an unusually large expansion 
and give a correspondingly good economy. The engines of the 
Meteor and of the Brookline give the usual economy to be 
expected from medium-sized marine engines. Table XIII 
gives delails of tests on the engines of the first two ships 
mentioned, together with tests on compound marine engines. 
Table XIV gives tests on the engine of the Brookline . It 
appears probable that the relatively poor economy of marine 
engines compared with stationary engines is due to the 
smaller degree of expansion, which is accepted to avoid using 
large and heavy engines. 
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Coal per horse-power per hour, pounds 
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AUTOMATIC CUT-OFF ENGINES 


Table XVII. 

ENGINES OF THE V. S. REVENUE STEAMERS RC 
(1ALLATIN. 


Runt*. 


Diameters of cylinders, Inches 

Stroke, inches , , , . 

Duration* hour* 

Revolutions per minute 
SteamT«s»ure by gaugfe, i*«und* , , , , 
Vacuum, inches of mercury ...... 

Total expansion* .* .* 

Horse-{K>wer . . • • • • • 

Steam per horse-power per hour, jutowh 


34 and 38 
37 
55 
7 * 

Gy, r 
36,5 
6. a 
/Mi, «J 
tH, 4 


The details of the tests on the U. S. Revenue Stt 
and Gallatin are given in Table XVII, us made ah 
a board of naval engineers to determine the advantti 
pounding and using steam jac kets. Three other e 
tested at the same time, but they were of older types 
interesting. 

A remarkably complete and Important series of tea 
In 1884 by M. P. Debt fond. These tests are record* 
XXX and XXXI, from which there are quoted in 1 
results with and without condensation and with 1 
steam In the jackets. 



DUPLEX DIRECT-ACTING FIRE- 
INSTITUTE OF 

TWO STKAM-CYUNDKR8 1 6 INCH 

Technology Qunrt 


Length 
of stroke. 
East. 


of stroke. 







XIX, and the tests on the feed and fire- pump on the M 
axe given in Table XX, Both sets of tests show the to 
consumption of steam by such pumps when running s 
powers. The latter table is most interesting on accoi 
light that it throws on the way that roal is consumed 
vessel when cruising at slow speeds or lying in harbor. 

Methods of Improving Economy. — The least expel 
endne to build is the simple non condensing emrine ' 


valve gear; this type is now used tmly where economy 
importance, or where simplicity is thought to be ii 
Starting with this as the most wasteful type of engine, 

in K'ftfinmv mm* hi* Htimfht liv nm* t\r mnn« tsf tlir 


devices; 

1. Increasing steam pressure. 

2. Condensing. 

3. Increasing si/.e. 

4. Expansion, 

5. Compounding, 

6. Steam-jackets. 

7. Superheating. 

o mi. . t.r ...» 
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by the ideas that have be 
of thermodynamics, and i 
the steam-engine; the four 
in this category as a means 
range effective. It has b 
the cylinder of metal wb 
energetic action on the ste 
attempts to approach the 
non-condensing engines, a] 
to be gained by increasir 
devices enumerated (inc 
jackets, and superheatinj 
been applied to diminish 
and allow us to take advai 
appears at first sight tha 
the first category, as it c 
range between the steam-p 
but the steam in the cylii 
and it is better to considi 
cylinder condensation. 

It is interesting to cons 
steam-jackets were used b] 
he was limited in pressure 



erroneous opinion that the steam-engine has been d 
without or in spite of thermodynamics. And further, 1 
all the advantages then available has had a tendency tc 




several methods categorically as given above. 

It is now commonly considered that the steam-en 
been brought to full development, and that there is litt 
substantial improvement to be expected; in fact, this < 
was reached a decade or two ago, when the triple engi 
steam at 150 to 175 pounds by the gauge, was perfect 1 
most recent change is the use of superheated steam 
pressures, now that effective and durable superheat 
been devised. Experiment and experience have settl 
well the limitations for the various methods of improving 
and allow of a fair and conservative presentation to wh 
will probably be few exceptions. We will, therefore, 
general conclusions m briefly as may be, and give the 
which they may be based. 

In order to bring out the advantage to be obtained by 
device, such as compounding, we will compare only 
■performance of the simple engine with the best perfors 


ipit iKMirf iu 




I i ITlHiTi Kil il i 



tkm in steam-consumption, 
35 pounds by the gauge to 6 
without a steam jacket, but ) 
to $0 and loo pounds gives 
sumption. The same figure i 
the limit for non condensing 
on Ftg. 5H are not quite so 
figures give the following as 
simple engines of good desig 




friction-brake on the engine-shaft. 

The piping for the engine was so arranged that steal 
drawn either from a general main steam pipe or fron 
boiler used only during the test. Before making 
engine, which had been running for a sufficient tim 
to a condition of thermal equilibrium, was supplied i 
from the general supply. At the Instant for beginnii 
the general supply was shut off and steam was takei 


pipe from that boiler was closed. The advantage of tl 
was that at the beginning and end of the test the w; 
boiler was quiescent and its level could he accurately <1 
At the end of a test the water-level was brought to 
noted at the beginning. The water required for f 
special boiler during the test and for adjusting the 
at the end was measured in a calibrated tank. As 
pressure in the general-supply main and in the spc 
was the same, there was little danger of leakage tl 
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of either pair of results v 
25 per cent, which would 
of brake tests for this engi 
ical efficiency when runn: 
it was only 0.82 when ] 
brake horse-power per h 
indicated steam by the no 
pairs of results became foi 
non-condensing 26.9, and 
with steam in the jacket 
from condensation was 


The gain from condens 
and the conditions of ser 
to twenty per cent. Cle 
vacuum than with a poor 
feature which should be < 
pressure; when the condit 
effective pressure is large 
advantage of maintaining 
when the mean effective 
be best illustrated with 


INCREASE OF SIZE 


pressure for a pumping-engine or mill-engine may b< 
18 pounds per square inch, and a difference of o 
vacuum (or half a pound of hack* pressure) will be 
to nearly three per cent in the power; on the other ha) 
engine is likely to have a reduced mean effective ] 
forty pounds per square inch, and compared with it i 
of one inch of vacuum is equivalent to a little more th 
cent In any case the gain in economy due to a sma 
ment in vacuum is approximately equal to the reduc 
absolute pressure in the condenser, divided by tl 
mean effective pressure. 

A very important matter is brought out in this di 
the gain from condensation, namely, that the real ga 
mined by comparing the engine consumption for 
brake horse-powers. The only reason for using thi 
power (as is most commonly done) m that the bral 
often difficult to determine and sometimes tmpC 
was pointed out on page 144, a true basis of compai 
heat-consumption of the engines compared in b.t.u, 
power per hour. But that quantity was not determii 
tests by Delafond, and since the comparisons are foi 
of teste, one pair with and the other without jackets 
objection to it in the eases discussed. 



in Table X are for engines < 
standards. These engines 
and of the use of steam- jacl 
tages from jacketing or s 
and such devices are pas 
engines. 


that can be advantageous! 
is imposed by the action o 
imposed by the friction of 
most advantageous point o 
which can be dearly detei 


COMPOUNDING 


The total expansion for a compound or triple engi 
obtained in two ways: we may use a large ratio of 
cylinder to the small cylinder, or we may use a short 
the high-pressure cylinder. The two methods may be 
by the two Leavitt engines mentioned in Table X; tl 
the large to the small cylinder of the compound 
Louisville, is a trifle less than four, and the cut-off for 
pressure cylinder is a little less than one- fifth strok 
other hand, the triple engine at Chestnut Hill has a ] 
than eight for the extreme ratio of the cylinders, an 
cut-off for the high-pressure cylinder at a little more i 
fifths. So large an extreme ratio as eight would nc 
venient for a compound engine, but ratios of five oi 
been used, though not with the best results. 

Marine engines usually have comparatively little to 
sion both for compound and for triple engines, and co: 
are unable to work with an economy equal to that for 
engines; the type of valve-gear which the designers feel c 
to use is also little adapted to give the best results, 
some question whether there is not room for impro 
both these directions. 

Compounding, •— The most efficacious method \ 
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and two low-pressure cylinders was i 
ships. Many triple engines have t 
which with the high-pressure and 
make four in all. Again, some trip 
pressure cylinders and two low-pr 
intermediate cylinder, making five ir 
Two questions arise: (1) Under t 
several types of engines be used ? an 
pected by using compound or triple e: 
Neither question can be answered 
From tests already discussed and 
are given in Table X, it appears that 
best results were attained with the fol 
engines about 175 pounds by the ga 
145 pounds, and for simple engines 
for engines with condensation. Ne 
obtained for a compound engine v 
and on the other hand the simple en 
with equal advantage. The informa 
engine is sufficient to serve as a reli 
least room for discretion concerning 
pound and triple engines. There wi 
.of serious disappointment if the follov 


as the preferred pressure about 175 pounds, but our tej 
include this case, and the figure is open to question, 
little, if any, occasion for using triple-expansion non-o 
engines. 

About ten years ago an attempt was made to introd 
ruple-expansion engines, using steam at about 250 p 
marine purposes in conjunction with water-tube boilc 




iiritalifisMilittCl 
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has been to adhere to triple engines even where the 
has chosen a high pressure for sake of developing a la: 
per ton of machinery, or for any other purpose. 


Oft!* *«4 ftMHllf. 


Simple 
Coriii* at 
CreoMt. 


Revolution# per minute ... 
Steam-preesur© above atmmphere, pounds 
Total expansion 

Steam per home -power pt»r hour, pounds . 

ft T If. mm* hnwt.H/wtfttM fmr mi ft (it* 






2 6 o economy of steam-e 

Compound and triple engines have b< 
to marine work, where for various reason 
well be used. . Taking the engines of th< 
in the following supplementary table to i 
we can determine the gain from compoi 


Data and Results. 


Sin 

Gal; 


Revolutions per minute . 5 

Steam pressure by gauge 6 

Total expansion 

Steam per horse-power per hour, pounds . . 2 


Gain from compounding, 

22 — 18.4 


22 


0.16. 


Gain from using triple engine instead o 

l 

ILrJES 


22 


0.32. 


.1 





I 


Steam-Jackets. — As has already been pointed ou 
discussion of the influence of the cylinder walls, the 
action of a steam-jacket is to dry out the cylinder during 
without unduly reducing the temperature of the eylin< 
and thus check the condensation during admission. T 
jacket does indeed supply some heat during expan 
that effect is of secondary importance, and the heat i 
with a thermodynamic disadvantage. The principal 
thus to supply heat which is thrown out in the exhaust 
all lost in case of a simple engine; in case of a eompou 
the heat supplied by a jacket during exhaust from 
pressure cylinder is intercepted by the low-pressure 
and is not entirely lost. It would clearly be much me 
tageout to make the cylinders of non-conducting nr 
that were possible. A dear grasp of the true acti< 
steam-jacket has a natural tendency to prejudice 
against that device, and this prejudice has in many c 
strengthened by the confusion that has come from indii 
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the piping being so arranged 




steam-jackets on the barrel and the heads, and < 
supplied to any or all of these jackets at will. T 
densed in the jackets of any one of the cylinders is c 
pressure in a closed receptacle and measured. 1 
receivers were also provided with steam-jackets; 
provided with tubular reheaters so divided that o 
thirds, or all the surface of the reheaters can t 
steam condensed in the reheaters is also collected 
in a closed receptacle. 

The valve-gear is of the Corliss type with vaci 
which give a very sharp cut-off. The high-press 
mediate cylinders have only one eccentric and w 
consequently cannot have a longer cut-off than hal 
the control of the drop cut-off mechanism. Th< 
cylinder has two eccentrics and two wrist- plates, and 
valves can be set to give a cut-off beyond half 
governor is arranged to control the valves for an; 
cylinders. Each cylinder has also a hand-gear : 
its valves. For experimental purposes the gove 
control only the high-pressure valve-gear, when 
running compound or triple-expansion. The 
used for adjusting the cut-off for the other cylinde 
usually the cut-off for such cylinder or cylinders i 


EXPERIMENTAL ENGINE 
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Clearance in per cent 

High-pressure cylindej 
Intermediate 
Low-pressure 1 J 

Results of tests on th< 
order to form a triple- 
XXIII, and are represei 
cut-off of the high- pres: 
consumptions of therma 
ordinates. 

The most important 
this engine is of the ad'' 
steam in the jackets. 1 
purpose: (1) with steal 
receivers, (2) with steal 
heads and barrels, (3) w 
the cylinders only, and (< 
The most economical 
steam in all the jackets 
the receiver- jackets, as ; 
There is a small but dis 
the receiver- jackets also 












GAIN FROM STEAM-JACKETS 


the most favorable conditions should be chosen who 
has steam in the jackets, and in like manner the 
without steam in the jackets should l>e selected; a 
of two such selected tests has more weight than a 
comparison of individual tests, however great the 
such tests may la*. An invest igatittn of Delafom 
Tables XXI and XXII and represented by Figs, 
gives such a comparison. The tests selected are th 
Table X and give two pairs, with condensation a 
Thus the best result with steam in the jacket and w 
sation is 16.9 pounds, and without steam in the jac 
the gain is 

iK.t 1 6.9 
18. t 


= 0,07. 


Without condensation the best results are 31.5 wi 
the jackets and 34.3 without steam In the jackets; the 




34.3 


o.ti, 


These results are probably too small, as the steam 
jackets should be collected anti returned to the hoik 
a moderate reduction of temperature below the ten 
the steam in the boiler. The drip from the jackets 
through a trap, and its reported is probably too strut’ 
the most questionable result from the tests. 

Data for a similar comparison for compound eng 
at hand, but the tests described on page a6$ seem to fa 
for the triple engine. 
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These heat-consumptions « 
of steam per horse- power p 
consumption the gain from 
appear to be only 9 per t en 
cent. This large different* 
steam used in the jackets, s 
of the total steam consum 
vidua! jacket is, however, n 
in the jackets of the high pt 
the jackets of each of the o 
The effect of jacketing 
surprisingly small, as Iron 
b.t.u. per horse power pel 
best result without steam i 
only 

974 - aha 
374 


The correspondence betwei 
Callendar and Nicolson o 
has already teen pointed 
From the tests just disc 
^creative to sav that ateut 


INTERMEDIATE REHEATERS 


are the Leavitt pumping-engines, for which results ai 
Table X. The fact that these engines give the best 
recorded for engines using saturated steam lead to the 
that such reheaters may be used to advantage. The < 
evidence, however, is not so favorable, for, as has be< 
out on page 264, there was found a small but distinct dis 
from using steam in double walls or jackets on the in 
receivers of the experimental engine at the Massachusetl 
of Technology. It appears that this engine gives 
economy when steam is supplied to the jackets on th< 
and not to the jackets on the reheaters, and, further, 
steam is used in the receiver-jackets the steam in 
pressure cylinder shows signs of superheating, whi< 
considered to indicate that the use of the steam- jacke 
too far. 

After the tests referred to were finished the engim 
nished with reheaters made of corrugated-copper 
arranged that one-third, two-thirds, or all of the reheati 
can be used, when desired. Table XXIV, page 266. 
results of tests made on the engine with and withou 
the reheaters; in these tests the entire reheating-surfao 
when steam was supplied to a reheater. 

For some reason the heat-consumption when no 
used in the reheaters is somewhat greater than tha 
Table XXIV for the engine without steam in a 
jackets; the difference, however, is not more than V 
and a half per cent and cannot be considered of much b 
It is clear from the table that there is advantage from 
reheater, and still more from using two. If the heat-co 
for the engine without steam in the jackets and wit! 
in the reheaters (taken from Table XXIV) is assu 
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which is scarcely more tl 
the jackets. These tests 
they are too few and refei 
Superheating. — The m 
the interference of the a 
engine economy is by t] 
1863-64 a number of na 
heaters by Chief Engines 
showed a marked advant; 
heated steam for stationai 
and in Europe. But the 
dry steam on one side anc 
deteriorated, and after an 
the use of superheated si 
pound and triple engines 
More recently improv 
introduced in Great' Brf 
endurance, and superhea 
successfully for sufficient 
the application of super] 
Two series of tests will 1 
on a simple engine, and s< 
There appears to be no 1 


DIXW ELL’S TESTS 


Table XXV. 

DIXWELL’S TESTS ON SUPERHEATED STE 

CYLINDER DIAMETER 8 INCHES; STROKE 2 EEET. 


Proceedings of the Society of Arts, Mass. Inst. Tech., 188 



Saturated Steam. 

Supe 


m 

II 

III 

IV 

Duration, minutes 

127 

83 

63 

180 

Cut-off 

0.217 

0-443 

0.689 

o.2r8 

Revolutions per minute 

61. s 

60.4 

58.0 

61.0 

Boiler-pressure above atmosphere, pounds 
per square inch 

5°-4 

50 . 2 

SO . 3 

So. 4 

Back-pressure, absolute, pounds per sq. in. 

15-4 

rs.7 

IS- 8 

IS- 2 

Temperatures Fahrenheit: 

Near engine 

302 

303 

303 

478 

In cylinder by pyrometer 

278-297 

279-296 

282-300 

313 

Per cent of water in cylinder: 

At cut-off 

52.2 

35-9 

27.9 

27.4 

At end of stroke 

32.4 

29- 3 

23-9 

18.3 

Horse-power 

7-65 

12.7 

15.68 

6.83 

Steam per horse-power per hour, pounds, 

48.2 

42.2 

45 .3 

35-2 

B.T.U. per horse-power per minute. . . 

796 

696 

747 ' 

631 


A metallic thermometer or pyrometer was placei 
in the head of the cylinder. When saturated stes 
this pyrometer showed a large fluctuation, but when 
steam was used its needle or indicator was at rest 
part of the apparent change of temperature with sat 
is attributed to the vibration of the needle and th< 
mechanism, it is very clear that the use of super, 
reduces the change of temperature of the cylind 
remarkable manner. The effect of superheating ( 
of the cylinder walls is also indicated by the per < 
.in the cylinder at cut-off and release. 

The apparent gain by comparing the amounts c 
per horse-power per hour in favor of superheated 









This same Harris-Corlis 
consumption of 548 b.t.tt 
supplied with saturated stea 
why the earlier attempts a 
so easily set aside when it w 
pressure. 

Though we have no test 
condensation on engines o 
it is probable that a very 1 
use of superheated steam u 
heat were as much as fifteei 
consumption to a larger < 
and would be likely to give 
steam per horse-power per 

The best results obtaine< 
steam in compound engine 
in Table XXVI, for a 


It is somewhat remarkable that steam was sup] 
jackets during the superheating tests, but not at 
mg that for those tests the jackets had a smalt < 

.1 ... t I... Hotin,. Ilt« ..f . i 







have about 20 expansions, 
that for highest economy 
1 1 aired. In practice some' 


of curves of steam consumption as given by tug. 5 
and Figs. 57 and 58, pages 25 2 253. 

The allowable range of power for a simple engi 


simple and a triple engine may be made by aid of 
39, The Corliss engine at Creusot when supplier 
at 60 pounds pressure, with eondensation and w 


power per 


in all the cylinder jackets developed 140 horse par 
233 b.t.u. per horse power per minute. Again, 
increased consumption to to per cent or to 254 b.t. 
may be reduced to about 104 horse power, giving a 
26 per cent from the normal power. The effect 
power for these engines cannot he well shown ft 
made on them, but there is reason to believe tht 
engine would preserve its advantage if a eompari 
made. Though the tests which we have cm comp 
do not allow m to make a similar investigation of 
changing load, there is no doubt that it is interna 
respect between the simple and the triple engine. 

When the power developed by a compound engi 
by shortening the cut-off of the high* pressure cylind 
of the low-pressure cylinder must be shortened at t 
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economy of steam- 


cylinder is fixed, is likely to have a 
indicator-diagram due to expansion 1 
the power is reduced by shortening the c 
cylinder. Such a loop is always accon 
economy; if the loop is large the engi: 
than a simple engine, for the high- 
nearly all the power and may have 
piston, "which is then worse than useles 

There is seldom much difficulty in n 
any desired reduced power by shorten! 
the steam-pressure, or by a combinal 
But a compound engine sometimes g: 
very low power (even when attention 
the low-pressure cylinder), which usi 
discussed; i.e., the power is developed n 
cylinder. Triple engines are even n 
way. A compound or triple engine 1 
power is subject not only to loss of < 
action, but the inside surface of the 
liable to be cut or abraded. 

Automatic and Throttle Engines. — 
may be regulated by (1) controlling t 
by adjusting the cut-off. Usually the 
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ECONOMY OF STE 


from the steam to the exhaust side 
of similar construction. 

Every steam-engine should have 
of its normal power; and again it 
that a single-cylinder engine shoi 
through the greater part of its stro' 
tions, together with the fact that it i 
a plain slide-valve engine to give ar 
use of a long cut-off for engines con 
The tests on the Corliss engine a 
XXII, pp. 250 and 251) show clea 
a long cut-off for simple engines, 
out that a non-condensing engine 
about one-third stroke. With cut-< 
pounds steam-pressure the engine 
and used 24.2 pounds of steam pe: 
running without steam in the jack 
If the steam-pressure is reduced to 
lengthened to 58 per cent of the si 
is increased to 30.2 pounds per hor 
power being then 173. The gain 
off is 


nr\ o — o/io 


EFFECT OF SPEED OF RE'' 


Considering also that automatic eng 
built and carefully attended to, while 
often cheaply built and neglected, th 
the one and the bad reputation of tl 
counted for. 

It is, however, far from certain that ai 
have a decided advantage over a throttl 
latter is skilfully designed, well built and < 
to run at the proper cut-off. Considerin 
steam-consumption per horse-power per 
is unduly shortened, it is not unreasonat 
not better results from a simple throttlin 
automatic engine when both are run for ; 
at reduced power. 

The disadvantage of running a compc 
with too little expansion can be seen by 
consumptions of marine and stationary 
hand, the great disadvantage of too mi 
evident from the tests on the engine in 
Massachusetts Institute of Technology 
265). Considering that the allowable v; 
economical cut-off is more limited for a 
engine, it appears that there is less reason 
governor instead of a throttling goverrn 
triple engines than there is with simple 
the most economical engines (simple, co 
automatic engines. 

Effect of Speed of Revolution. — Thou 
steam on the walls of the cylinder of £ 
rapid, it is not instantaneous. It would 
an improvement in economy might be att 
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surfaces exposed to steam in 
fact, all engines which for \ 
to run at very high rotative 
economy, in part from the r 
fact that piston- valves are co 
to the kind of leakage descri 
page 234, even when they ; 
monly the engine has a fly-’ 
valve to be very free with th< 
Willans invented a single-ac 
at high rotative speed, and si 
passages without excessive c] 
rod to carry the steam froir 
tandem. Tests on this engii 
in this book) showed that a 
200 revolutions per minutf 
from 24.7 to 23.1 pounds ; 
further increase of speed tc 
to 21.4 pounds; the engine 
condensing. This engine us< 
power per hour, when develc 
lutions per minute under 17 
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BINARY ENGINE, ST: 


By Professor E. Josse, Royal 


Revolutions per minute *39 -6 

Steam-Engine: 

Pressure at inlet, h.p. cylinder 

by gauge pounds 136.5 

Vacuum, inches of mercury . . . 23.9 

Superheating, degrees Fahrenheit 17s 

Horse-power, indicated 132-1 

Steam per h.p. per hour, pounds . 12.7 
Thermal units per h.p. per minute 244 
Sulphur-Dioxide Engine : 

Pressure by gauge pounds: . - . 

In vaporizer 13 2 

In condenser 31 

Temperature Fahr. at inlet to cyl- 
inder 132.0 

Temperature Fahr. at outlet from 

condenser - • 66, 2 

of circulating water inlet . . . 49.6 
outlet. . . 59 -9 

Horse-power, indicated 45-3 

per cent of steam-engine power 34. 4 
Combined Engine : 

Horse-power, indicated . . ... .177.4 
Steam per h.p. per hour, pounds . 9. 7 

Thermal units per h.p. per minute 183 
Mechanical efficiency 85.5 


BINARY ENGINE 


about 35 pounds in the sulphur-dioxide cylinder a 
ture of about 65° F., the efficiency would be 

T-T" _ 575-65 

T 575 +460 ‘ 55 ‘ 

i 0.55 — 0.50 

and — ^ 51 — = 0.00. 

°*55 

The results of the tests given in Table XXVIII 
difficult to use as a basis for the discussion of the 
the binary system on account of certain discrepancie 
tests No. 3 and No. 7 have substantially the sam 
steam-pressure, superheating and vacuum, and n< 
vapor-pressures in the sulphur-dioxide cylinder 
advantage appears to lie slightly in favor of No. 7 
the latter test is charged with 189 thermal units pi 
per minute, and the former with 176, giving to i 
advantage of about 7 per cent. A comparison 
horse- power per hour gives nearly the same re 
parison of tests No. 2 and No. 4 gives even a 
discrepancy, though the conditions vary more, 
the total power of the latter is much greater. 

If we take 200 thermal units per horse-power p 



CHAPTER XIII. 


FRICTION OF ENGINES. 

'he efficiency and economy of steam-engines < 
ed on the indicated horse-power, because tha 
nite quantity that may be readily de terrain 
er hand, it is usually difficult and sometimes 
ce a satisfactory determination of the power actu 
the engine. A common way of determining t 
led by friction in the engine itself is to disconnec 
or other gear for transmitting power from th 
place a friction-brake on the main shaft; the poi 
hen determined by aid of indicators, and the pc 
measured by the brake, the difference being th 
nod by friction. Such a determination for a 
olves much trouble and expense, and may be c 
ee the engine-friction may depend largely on 
nsmitting power from the engine, especially v 
>es are used for that ouroose. 


286 


FRICTION < 


cent of the indicated horse-po’v 
condition of the engine. The ; 
pump (when connected to the i 
the friction of the engine. It is 
cent of the indicated power of 
air-pump. Independent air-pui 
best speed consume much less 
States naval vessels used only o: 
of the main engines. But as in< 
direct-acting steam-pumps, mud 
pointed out is lost on account ( 
tion of such pumps. 

Mechanical Efficiency. — The 
an engine to the power generated 
efficiency; or it may be taken 2 
indicated power. The median 
from 0.85 to 0.95, corresponding 
above. 

The following table gives tl 
number of engines, determined 1 


Table 


INITIAL friction and load frictioi 


pumping-engines, by measuring the work done j 
water. 

Initial Friction and Load Friction. — A part of th< 
an engine, such as the friction of the piston-rings 
stuffing-boxes of piston-rods and valve-rods, may 
to remain constant for all powers. The friction a 
head guides and crank-pins is due mainly to the th 
of the steam-pressure, and will be nearly proportional 
effective pressure. Friction at other places, such £ 
bearings, will be due in part to weight and in pai 
pressure. On the whole, it appears probable that 
may be divided into two parts, of which one is ind 
the load on the engine, and the other is proportional 
The first may be called the initial friction, and the 
load friction. Progressive brake-tests at increasing 
firm this conclusion. 

Table XXX gives the results of tests made by Wa 
ier and Ludwig * to determine the friction of a horizo 
compound engine, with cranks at right angles and 
wheel, grooved for rope-driving, between the c: 
piston-rod of each piston extended through the c) 
and was carried by a cross-head on guides, and the ai 
worked from the high-pressure piston-rod. The cy 
had four plain slide-valves, two for admission and two 
the exhaust- valves had a fixed motion, but the adm 
were moved by a cam so that the cut-off was detern 
governor. 

The main dimensions of the engine were: 

Stroke / 

Diameter: small piston 2 

large niston ' 
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INITIAL FRICTION AND LOAD FRICTION 


brake (numbers <), 18, ig, 28, and ag) were irregular 
tain. 

The first nine tests were made with the engine wo 
pound. Tests 10 to to were made with the high pro? 
der only in aetion and with condensation, the low pri 
necting-rod being diseonneeted. 'bests >0 to .:o wen i 
the high* pressure cylinder in action, without condensa 
The results of these tests are plotted on Fig. (>o 



effective horse powers for abcis.s;r and the friction h< 
for ordinates. Omitting tests with small powers (foi 
brake ran unsteadily I, it appears that each series of t 



normal net or brake horse \ 
to deliver, and may be rej» 

where u is a constant to b< 
( >o. If P is tin* net horse 
time, then the load frietior 

where b is a second eonsta: 
The total friction of the er 

F 

so that the indicated powei 

I. II. Ik P * al 

'I'he mechanical efficiency 

1 .11 

'I'he compound condom 
seated by h’ig. bo developt 
power to the brake, so tl 
friction. The diagram si 
horse- no wer. and its! 


INITIAL FRICTION AND LOAD FRICTION 


but at half load (125 horse-power) the indicated hors 
I.H.P. = 0.07 X 250 + 1.07 X 125 — 151, 
and the efficiency is 

125.^151=0-83. 

Table XXXI. 

FRICTION OF CORLISS ENGINE AT CREUSO’ 
By F. Delafond, Annales des Mines, 1884. 


Condensing with air-pump, tests 1-33. 
Non-condensing without air-pump, tests 34-46. 



Cut-off Frac- 
tion of 
Stroke 

Pressure at 
Cut -off, Kilos 
per Sq. Cm. 

Revolutions 
per Minute. 

Horse-Po 

Indicated. 


I 

0.039 

0.64 

64.0 

27.8 

16.3 

2 

0.044 

2 . 40 

6S.s 

60.0 

37-6 

3 

0.044 

2 . 90 

65.0 

67.2 

45 - 2 

4 

0.065 

4.90 

64.0 

117*0 

88.7 

5 

0.065 

6. 20 

61 .0 

138.5 

106.3 

6 

0.065 

7 . IO 

64.0 

163.2 

129.2 

7 

0.065 

7.60 

64.0 

185.0 

144.6 

8 

O. IOO 

0. 16 

58.0 

21.0 

10.6 

9 

0. xo6 

1-55 

60.0 

61.9 

42-3 

10 

0. too 

2.82 

57 • 3 

82.7 

61.0 

II 

0.090 

4.80 

58.3 

135.3 

106.7 

12 

0. 128 

4.82 

58.3 

154.5 

124.8 

13 

0. 142 

0. 76 

62.0 

42.3 

28.4 

14 

0.137 

O. 71 

60.6 

44-3 

28.7 

15 

0. 132 

2.50 

54-0 

79-5 

59-8 

l6 

0. 147 

2.60 

61.6 

100.0 

78.2 

17 

0.15s 

4-65 

60.0 

177.2 

145.0 

l8 

0. 167 

0.22 

61.0 

40.2 

27.9 

19 

0.197 

2.5s 

57.2 

no. 8 

83-3 

20 

0.273 

O.4O 

62.3 

50.2 

33-8 

21 

0.264 

t -57 

63-3 

89.1 

61.8 

22 

0.240 

1.64 

62.0 

87.2 

63.1 

23 

o. 24 S 

3-25 

56.0 

145-0 

116.0 

24 

0.260 

4.76 

58.0 

209.4 

178.0 

25 

0-335 


S 9 -o 

47.2 

32.5 

26 

0.339 


S8.3 

in . 7 

QO.O 

27 

0.338 

K:.- r ' . .kJb 

61.0 

161 .8 

133-0 

28 

I 


59-3 

81.3 

67.2 

29 

I 


61.0 

80.8 

67.9 

30 

I 


61.6 

148.5 

128.4 

31 

I 


61.5 

216.5 

191.0 

32 

I 

.• 

61.5 

215-5 

191.0 

33 

O.50 

■ 

61. S 

15.8 

0.0 

34 

35 

0.120 

0.106 

6.00 

7.00 

60.0 

53-0 

132.5 

125.0 ' 

107. s 

103.0 
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Table XXXI gives the n 
tests made on a Corliss eng 
both with and without a 
pressures and cut ott. 1 he 
on Fig. tu, and those withe 
In both figures the abscissa- 
the ordinates are the frietio 
are represented by dots; l ho 
most -economical eut off tom 





in friction, when developi 
sation it had 20; consequei 

( 3 6 ~ 

of the indicated power, 
to the high vacuum, maint 
Thurston’s Experiments, 
tests on non-condensing € 
with his advice, Professo 
for engines of that type 
load, and that it can, in 
ing the engine without a 

T 

FRICTION OF I s 

STRAIGHT-LINE ENGINE, 8 


No. of 
Diagram. 








I US'I'K I ni’TtON OF FRICTION 


The second and obvious conclusion from 'Tab 
that tilt* valve shoulei be balanced, and that nine- 
friction of an unbalanced slide valve is unnecessary 
The friction of the piston and piston-rod is always 
but it varies much with the type of the engine, an 
cnees in handling. It is quite possible to change 
power of an engine by screwing up the piston-res 
too tightly. The packing of both piston and real 
tighter than is neeessary to prevent perceptible le 
meire likely te> be tern tight than too loose. 





STIRLING’S ENGINE 


page 39) it was pointed out that to obtain the ma 
ciency all the heat must be added at the highest prac 
perature, and the heat rejected must be given up at 
temperature. The hot-air engine is the only attem 
the example of Carnot’s engine by supplying heat t< 
drawing heat from a constant mass of working subs 
An attempt to obtain the diagram of Carnot’s cyck 
an engine would involve the difficulty that the aci 
which the isothermal and adiabatic lines for air cr 
very long and attenuated diagram that could be ot 
by an excessively large working cylinder, with so m 
that the effective power delivered by the engine woulc 
ficant. This is illustrated by Problem 20, page 75. 
this difficulty Stirling invented the economizer or 
which replaced the adiabatic lines by vertical lines 
volume, and thus obtained a practical machine, 
engine is still employed, but only for very small pum] 
which are used for domestic purposes, as they are fre 
ger and require little attention. 

Stirling’s Engine. — - This engine was invented ir 
was used with good economy for a few years, and tl 
because the heaters, which took the place of the boiler 
engine, burned out rapidly; the small engines now 
little trouble on this account. It is described 


and its performance given in detail by Rankine 
in his “Steam-Engine.” An ideal sketch is 
given by Fig. 63. E is a displacer piston filled 
with non-conducting material, and working 
freely in an inner cylinder. Between this 
cylinder and an outer one from A to C is 


r\l'i nr* A 


mo/ln rUntne mAtol 



mtrr>ni 



STIRLING’S ENGINE 


stant temperature, as represented by the isothermal 
completing the cycle. 

To construct the diagram drawn by an indie? 
assume that in the clearance of the cylinder U, 1 
eating pipe, and refrigerator there is a volume of ai 
back and forth and changes pressure, but remains a 
ture T r If we choose, we may also make allowan 
lar volume which remains in the waste spaces at i 
of the displacer cylinder, at a constant temperature 

In Fig. 65, let ABCD represent the cycle of ope 
out any allowance for clearance or waste spaces; 
volume will be that displaced by the displacer pis 
maximum volume is larger by the volume displaced 
mg piston. Let the point E represent the maxin 
the same as that at A ; and the united volumes of 
at one end of the working cylinder, of the commii 



of the clearance at the top and bottom of the disp 
and the volume in the refrigerator and regenerate 
of this combined volume will have a constant te 
that the volume at different pressures will be repn 
hyperbola EF. To find the actual diagram A' 
any horizontal line, as sy, cutting the true diagrar 


3°2 


INTERNAL-COMBUSTION E 


as Stirling’s hot-air engine. To avoid d« 
cant in the working cylinder Stirling foui 

nect only t 
displacer cyl 
cylinder, an 
cylinders for 
It has beer 
fig. 66. mineral oil c 

the displace: 

hot end also of the displacer cylinder c 
connected with the working cylinders, o: 
Thus each working cylinder is connected 
one displacer cylinder and with the < 
displacer cylinder. 

The distortion of the diagram Fig. 66 
large clearance and waste space, and j 
the displacer pistons are moved by a cran 
with the working crank. 

A test on the engine mentioned by ] 
Johnson* showed a consumption of 1.66 o 
coal per horse-power per hour; but the h 
large, so that the consumption per brat 
pounds. This engine, like the original S 





GAS-ENGINE WITH SEPARATE COl 


engine itself; the second type of engines, 
engine is an example, is the only successful 
time ; the other type has some advantages wf 
development. 

Gas-Engine with Separate Compressor. - 

a compressor, a reservoir, and a working q 
as a gas-engine a mixture of gas and air is dr; 
compressor, compressed to several atmosphe: 
a receiver. On the way from the receiver to t 
the mixture is ignited and burned so that t] 
volume are much increased. After expans: 
cylinder the spent gases are exhausted at atm< 

The ideal diagram is represented by Fig. 
the supply of the combustible mixture to the 
compressor, DA is the adiabatic compres- 
sion, and AF represents the forcing into 
the receiver. FB represents the supply 
of burning gas to the working cylinder, 
BC represents the expansion, and CE the 
exhaust. In practice this type of engine 
always has a release, represented by GEI, b 
has reduced the pressure of the working subs 
atmosphere. 

This type of engine has been used as an oil- 
the fuel in the form of a film of oil to the a 
compressed. In such case the compressor 
and there is not an explosive mixture in 
Brayton engine when run in this way could bu 
or, after it was started, could burn refined 
defect appears to have been incomplete con 
nnprit fouling of the cvlinder with carbon. 



(I AS- KN' (JINK WITH SKI* A RATE COMPRESSC 


above the atmosphere the ofliciency is 


90 , 


1-495. "-I. 
1 ..(os 


O.43. 


When the evele is incomplete the expression for tl 
is not so simple, for it is necessary to assume cooling 
volume from to 11 (Fig. 68 ), and cooling at const; 
from // to D\ so that the heat rejected is 

( » (J y - 1 /A I" ( 'i> ( I' h — T d ), 
and the elTicienev becomes 


(7’ 


T d ) 


e 


>j 1 tA I- (I'h 

h> hi 

For example, let it be assumed that the pressure 


pounds above the atmosphere, that the temperature a 
F., and that the volume at G is three times the volun 
First, tin* temperature at A is 


7 ' 7 ’ 

* a * it 




(60 ■}■ 460) 


l±l 


7,±U°) ' 

14.7 / 


0.405. 

1-405 


provided that the temperature of the atmosphere is (i 
The temperature at G is 


T 


nY" 


i 960 




1897 


and the pressure at G is 


pG 


(44.7 T 90) 


I V-40S 


22.4 pc 


so that the temperature* at 11 is 



3o8 internal- 

Gas-Engines with. Compi 
ful gas-engines of the prese 
in the working cylinder, 
end of the cylinder only, 
the cycle, so that there is o 
working at full power. S 
four-cycle engines. Some 
of the cylinder accomplish 
as two-cycle engines; they 
tion when single-acting, 
have been made double-ac 
stroke of the piston from 
mixture of gas and air, wh 
at the completion of this r< 
the pressure rises very ra 
working stroke, which is 
expel the spent gases. In 
are of equal length, for the 
length, as required for th< 
terbalanced by the mecha 
strokes. 

The most perfect ideal 



GAS-ENGINES 'WITH COMPRESSION IN 1 


and withdrawing heat at constant pressure fr 
with the adiabatic expansion and compressic 
The heat added under this assumption is 

c v (T a - T d ), 

and the heat rejected is 

(T t - T c \ 

so that the efficiency is 

, _ fr ~ T d ) - (T t - T t ) _ 

6 " c,(T a -T a ) - i - * 

If the temperature at A and the pressure 
then it is necessary to make preliminary 
temperatures at D and at B before using eqr 
adiabatic compression from C to D gives 
at D 

JC I 

T d = T c 

in like manner adiabatic expansion from A 





GAS-ENGINES WITH COMPRESSION IN THE CY: 


For example, let it be assumed that the expaj 
when the pressure becomes 20 pounds above the 
the other conditions being as in the previous examp 

0405 

T b = (2500 + 460) = *53 


T g = 1536 


14-7 

34-7 


= 650; 


and 

e = 1 - ~ 630 + 1405 (650 ~ 320) 

2960 — 917 

Though not essential- to the solution of the ex 
interesting to know that the volume at C is 


/ 90 + i 4 - 7 \ 

V 14.7 / 


4 + 


times the volume at D, and that the volume at B is 



= 5 + 


times the volume at A. 

When, as in common practice, the 
four strokes of the piston are of equal 
length, the diagfam takes the form shown 
by Fig. 71; the effective cycle may be 




GAS-KNOINKS WITH COMPRESSION IN THE C 


pounds absolute, or K8.4 pounds by the gauge. ' 
efficiency is therefore not much less than the efheie) 
other examples; it is notable that the efficiency 
same as that calculated on page 407 for an engine 
compression to 00 pounds by the gauge. For the 
however, the pressure after explosion, which di 
temperature, may exceed 400 pounds per square i 
The diagrams from engines of this type * rest 


a 





which was taken from an < >tto engine in the lab 
Massachusetts Institute of Technology. Ihirir 
stroke, the pressure in the cylinder is less than tlee 


of 20 to the im'hi and w i ' u ; 
piston; tin* nppef i ,;tr! 
appear in the tu'ure. . 1 b 
potmtls, and the iv.hu *um 



three and four pound, h 
the inihirnre of the n*"ha 
imlieated hot'M* p<ea« i "if 
'Hie t omprevdou line d 
ttr in reality from an adia 
hr expia ted to r*a eive he. 
the first part of lit** < omj* 





Hydrogen, H 

Methane, CH* 

Carbon monoxide, CO . . . 
Carbon dioxide, CO, . . . . 

Oxygen, O 

Nitrogen, N 


details are given on pag< 
original paper, which ar 
Rich non-caking bitur 
larger proportion of hyc 
In a paper on the use < 
gives the composition oi 
Scotland, and Germany, 
following table were dei 

COMPOSITIC 
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CHARACTERISTICS OF GASES 


The amounts of oxygen required for the combustion 
volume of any gas can be computed from the foi 
resenting the chemical changes accompanying c< 
together with the* fact that a compound gas occupies tw 
if measured on the same volumetric scale as the < 
gases. Thus two volumes of hydrogen with one 
oxygen unite to form superheated steam as represent 
formula 

2 If M> * II 2 <), 

and the three volumes after combustion and reduct 
original temperature are reduced to two volumes; in 
to have the statement hold, the original temperature v 
to be very high, to avoid condensation of the steam i 
But in the application to gas-engines this leads to no 
ience, because the gases after combustion remain at a 
perature till they are exhausted, and the laws of ga 
assumed to hold approximately. A compound gas lik 
can be computed as follows: 

ch 4 -p 4 o : co a p 2 h 3 (). 

IS i nee the compound gas methane occupies two vol 
requires four volumes of oxygen, it is clear that each 
of that gas will demand two cubic feet of oxygen; the to 


I'omvrmng tin* Uirurrtuat 
tin* determination of the I' 
determination is diila till ho 
tun* and thr wry short imr 
mum temperature ran in* . » 

A < omparatively simple « 
explosion < an he made frou 
pression tan he assumed t 
perfeet p.a-.r** » at! hr applied 
Urn* measured on an ordm;i 
pressure, is fn pounds, or 
nerature of the uases in tin 



A I'TKR BURNING 


are and remain the same as those of gases at ordi 
tures, can he taken as a first approximation only. 

In connection with tests on a gas engine (see p; 
illuminating* gas, Professor Meyer makes a careful 
of the temperature which might he developed ii 
of a gas-engine if the charge were completely bur 
conducting cylinder. 'The results only will he 
The composition of the gas will he found on p; 
which it appears that it was probably coal g 
Manchester gas, and not differing very radically 
gas, by use of which Fig. 7,1 was obtained. '11 
the end of compression was ho pounds by the ga 
explosion was ,>.:o pounds, so that the conditions 
different from those of Fig. 7.*, except that the y. 
compression line is not on the ordinate for measi 
imum pressure, and therefore the parallel calcula 
made. 

On the assumption of constant specific heats If 
finds that complete combustion should give 4.15c 
conducting cylinder, but using Mallard and 1 
equation for specific heats at high temperatures hi 
Those experimenters report that dissociation of eai 
begins at about 12OO 0 F., and of steam at about 


time. The actual e: 
for gas, ami for lar 
represented by the 

but a part of tins ; 
carbon monoxide am 
may reduce the expe 
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heat, be taken as the basis of coi 
the ratio of actual to theoretical efi 
0.253 -4- 0.398 = 0.64, or 
If, however, we take his second val 
we have 

0.253 -4- 0.297 = 0.85, or < 
Professor Meyer uses these co: 
importance of better knowledge of 
substance in the cylinder of an 
because, if the nominal theoretic* 
basis of comparison, there appe; 
improvement in the economy of 
second set of computations is tak< 
prospect of improvement. In co] 
the fact that these tests were on a 
only ten brake horse-power. 

In the discussion of efficiency we 
heat-consumption per indicated 1 
because the fluid efficiency (or the 
working substance) should for thi 
confusion with -the friction and 
engine. For the same reason, an 
steam-engine can be determined 
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time considerable import 
out spent gas, but it attrc 
engines. 

In indicating a gas-enj 
the negative work of exha 
allowance for the negati 
Fig. 74 should be made f( 
has only a few working c) 
of the negative work ms 
another reason why comp 
power. As can be seen 
mechanical efficiency maj 
depending mainly on the 
continuous explosions, an 
reduced if explosions are 

Two-cycle engines co 
which supplies the mixtur 
ten pounds above the atm 
pression must be determi 
measurement of the indie; 

Valve-Gear. — The suj 
combustion engine are ; 
least two valves (or the 


STARTING DEVICES 


remaining closed during the compression, exj 
strokes; but very commonly the admission 
and for gas (when the latter are separate) 
trolled, and for very high speeds this action 
From what has been said, it will be evkl 
problem of the design of the valve-gear for 
tion engine resembles that for a four-valve 
dally that type of steam-engine valve-gea: 
lift- valves. The solution which is most evi< 
monly chosen is some dorm of cam-gear; us 
held shut by springs, and are opened by a 
either directly or through linkages. This c 
iently placed parallel to the axis of the cylin 
the main shaft through bevel-gears; the f< 
the gear in the ratio of one to two, so that t 
one revolution for two revolutions of the 
properly time the four principal operations 
spring closing a valve must be properly d 
give the required pressure to hold the valve 
the proper 'acceleration so that the valves 
the control of the cam when closing. The 
tion to the cams for the normal action of the 
which facilitate starting the engine. 
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the operations of cha 
formed, whereupon tl 
for very small sizes, t 
into action, and whi 
piston has completed 
which the charge is pi 
compression is much 
this manner the ignit 
past the dead-point, 0 
ward. The disengag 
and there is great dan 

When electric or ot 
hand-power, this met 
large size. 

A very common de 1 
air from a tank at a 
inch. This air is su; 
the engine when nece: 
disconnected tempora 
and is worked like j 
way, whereupon the < 
action is restored. T 
valves controlled bv 1 



GOVERNING ANI) REGULATING 

for controlling the power of an internal-combustic 
by regulating the proportion of air and fuel, (2) 
the amount of air and fuel without changing tl: 
(3) by omitting the supply of fuel during a part of 
delaying ignition. 

(1) Regulation by controlling the supply of fue 
method for engines working on the Joule or Bray 
compression in a separate cylinder, for which a t. 
cussion is given on page 305. For this cycle thei 
sion, hut the gaseous or liquid fuel can he burned 1 
sion in any proportion. 

The Brayton engine had a double control foi 
load. In the first place a ball governor shorten* 
for the working cylinder when the speed increase 
of reduction in the load; this had the effect of rai 
sure' in the air reservoir into which the air pump d 
that pump delivered nearly the same weight of ; 
under all conditions. In the second place, there w 
ment for shortening the stroke of the little oil pi: 
pressure increased; so that indirectly the amoun 
proportioned to the load. A similar effect was p 
the engine was designed to use gas. 

For the Diesel motor, to bo described later, tf 



328 interna: 

tures should occur befoi 
that even though the ex] 
the beginning of the woi 

The tests on page 35c 
varying from 1 : 8 to 1 
brake horse-power. 

This discussion of tf 
varying the mixture of 
for many purposes that 
a gas-engine. Neverthe' 
it was tried early. 

(2) The common wa 
vary the supply of the 
There are two ways of s 
charge may be throttled 
lower pressure; in the s< 
closed before the end o 
supply. The effect of tl 
the reduction of press ur 
sponding increase in tl 
like that shown by Fig. 
of closing the inlet- valv 




GAS PRODUCERS 


same wav. Premature explosion in a small e 
started mav he an inconvenience, hut in a lar< 
lead to an accident. 

Gas-Producers. A gas producer is essent 
which hums coal or other fuel with a restricte 
that the combust ion is incomplete and the prod 
tion are capable of further combustion* In ib 
gas-producer will deliver a mixture of earboi 
nitrogen together with small percentages of carho 
and hydrogen. If a proper proportion of steam 
the air, its decomposition in contact with the i 
will yield free hydrogen, and the gas will give a 
when exploded, and develop more power in the 

When gas is produced on a large scale in a 
intricate devices may he used to rectify the j. 1 
by-products, which are likely to he so import; 
the methods employed. 'Hu* most importan 
the present time appears he ammonium si 
used as a fertilizer, and for this reason a coal i; 
has a relatively large proportion of nitrogei 
station a coal containing three per cent of n 
crude ammonium sulphate that could he sold 
of the coal. This branch of chemical engineer 



OTHER KINDS OF GAS 


cite; those that burn bituminous coal must have 
of dealing with tarry matter. Sometimes this is 
by passing the gas through a sawdust cleaner 
centrifugal extractor is added. Some makers r 
by care in cooling before the gas comes in contg 
Others pass the distillate through the fire, and 
into light gas or burn it; with this in view, some j 
with a down-draught. It is probable that dift 
fuel will need different treatments. 

Blast-furnace Gas. — From the composition o: 
gas on page 316, it is evident that it differs fror 
only in that it contains very little hydrogen, an 
like the gas that would be made in a producer w 
steam. During the operation of the furnace tl 
is liable to vary and the gas may become too w< 
this difficulty, it is desirable to mingle the gase 
more furnaces. Since the gas available from 1 
be equivalent to 2000 horse-power, it is evident th 
to develop power from that source must be oi 
scale. 

The gas from a blast-furnace is charged with ; 
of dust, some of which is metallic oxide, and re 
and the remainder is principally silica and lime 
fine and light. To remove this fine dust the 
passed through a scrubber, which has the additi 
of cooling the gas. 

Other Kinds of Gas. — Any inflammable gas t] 
nished with sufficient regularity can be used 
power. The gas from coke-ovens is a rich 
producer-gas in its general composition. Natui 
of 90 to 95 per cent of methane (CH 4 ) with a sr 

of hvdrocrpn and nilrncrnn and trappy nf ntdipr fr; 
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that tan In- moved by 
to ;’i w am desired mi 
areas for s',a> and air 
areas remain mu hamv 
. <1 -ton valve to give ! !’ 
demanded l »\ the load < 
the exhaust vahe /.' are 
indicated, the « am-, m, 
revolution oj the elicit 
I .ante sines have the « 
hunting the vahe. and t 
there i‘. a handle tor -.hi 
redtu es ♦ ttmjia ton w h» 
low tension make and ; > 
thrown into a*, tioti ; th. v 
operates t he vahe J. 
Two-cycle Engines. 


v. hit h exhaust the •,}»» at 
performed with a \>n • -a 
lower than that of the 
advantage provided the 
othej way. The im-t • 
was lit, tf hv I hig.dd c’ 


TWO CVCLK KN(iINKS 


regularity of rotative velocity. Tin* engine could 
twice as much power for its si/e as a four-cycle er 
certain tests by Mr. Clerk, showed a slightly bet 
than the older type of engine. But the operation 
the remnants of the spent charge by the fresh charj 
of this type is rather delicate, there being a chance 
the spent charge will remain, or that some of the 
will be wasted ; it is likely that the charges mingle 
engine experiences both defects. Eventually the ( 
was withdrawn from the market* but the principles 
two types of engines: (t) small gasoline engines for 
other small craft, and („:) large engines built for b 
furnace gas. 

Gasoline engines of small power and moderate r< 
have been made on the two cvele principle by c 
crank- and connecting rod in a casing, so that the pi: 
as the compressing pump. On the upstroke a el 
and gasoline is drawn into the crank case, and it is 
pressed on the down stroke. There are two sets < 
through the cylinder walls near the end of the dow 
are opened by the piston; these are on opposite 
cylinder; one sot, which is opened slightly earlier th; 
forms the exhaust ports and the other the inlet ports 
communication with the crank case, and therefore 
and gasoline to replace the spent charge. A barri 
the cylinder head which prevents the fresh charge 
directly across from the inlet to the exhaust, but ne\ 
action is probably much inferior to that of Clerk’s t 
had the charge supplied at the cylinder head. Then 


340 


INTERNAL-CC 


engines have been introduce( 
Two German engineering fir 
especially for burning blast-1 
as 1500 horse-power in a sinj 

The Korting engine (bu 
Company) is a double-actin 
as long as the stroke of the ( 
of the cylinder is a ring of 
the end of each stroke, an 
one end of the cylinder and 
engine-cylinder, and arrange 
driven by one crank (which 
one for compressing air, ai 
of the two pumps are de: 
burned. 

The air-pump compresses 
phere and delivers air to the ; 
cams at the time when the ] 
controls a bypass-valve v 
pump in communication 1 
stroke of that pump, whin 
the first place the compressi 


THE DIESEL MOTOR 


plungers in u long open-ended cylinder; these 
connected to cranks at iSo° so that they appro; 
from the middle of the cylinder simultaneously, 
has a cross-head at each end of the cylinder to t; 
thrust of the connecting-rod, so that the engine 
great length on a horizontal foundation. Towai 
end of the cylinder there is a ring of exhaust-ports 
the inner (or crank-end) piston, and toward the ou 
cylinder then' is another row uncovered by the or 
part of these outer ports supply air, and a part gas 
and gas-ports may be controlled by annular valve 
by hand when the engine uses blast-furnace gas, 
conditions the engine is regulated by a governor, v 
the pumps that supply air and gas. These pum 
driven from the outer cross-head, have bypass- 
conned the two ends and begin to deliver o: 
bypass valves are shut by the governor, so that 
adjusted in amount to the load. When the engir 
gas that has a with' explosive range, the governor 
annular valves at the gas- ports and varies the mixt 
The Diesel Motor. A new form of intern; 
engine was described by Rudolf Diesel in 1803 
away with many of the dillieulties 
of gas- and oil-engines, and which 
at the same time gives a much 
higher efficiency. The essential 
feature of his engine consists in 
the adiabatic compression of 
atmospheric air to a sufficient 
temperature to ignite the fuel 
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ger. Atmospheric air is drawr 
pressed from Ho c to a p: 
square inch and a temperature 
is injected in a finely divided 
excess it burns completely at 
by the injection mechanism, 
is petroleum or some other oi 
interrupted, and the remainde 
is an adiabatic expansion. The 
at e and a rejection of the proc 
The cycle has a resemblance 
differs in that the air only is < 
the combustion is accompaniec 
his theoretic discussion of Ms 
of combustion shall be so regul 
not rise during the injection of 
therefore be very nearly an isot 
the fuel is added during the o] 
cd, the weight of the material i 
physical properties change, so 
isothermal. The fact that ther< 


THE DIESEL MOTOR 


rise of temperature, or that there is any great adv; 
a regulation if the temperature is not allowed to ris 

The diagram from an engine of this type is shoi 
which appears to show an introduction of fuel : 
or one seventh of the working stroke. It is prol 
compression and the expansion (after the ccssatl 
supply) are not really adiabatic, though as there i 
dry gas in the cylinder during those operations 
may not be large. The sides and heads of the c 
the engines thus far constructed are water- jacv 
the use of such a water-jacket and the consequent 
was one* of the difficulties in the use of interr 
engines that Diesel sought to avoid by control!! 
combustion. The statement on page 39 that 
efficiency is attained by adding heat only at tin 
perature has no application in this case. The 1 
are that heat cannot at first be added at a temp 
than that due to compression (about iooo° F.), b 
lion proceeds heat can be added at higher ter 
with greater eilieieney. The fuel may be regul 
avoid temperatures at which dissociation has an 
after burning can be avoided. 

The oil used as fuel is injected in form of a sp: 
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engines, by the necessity to form a 
discussion of the theoretical efficient 
the efficiency increases as the time of i 
In practice the engine shows a slig] 
light loads, due probably to the los: 
water-jacket, which are nearly const£ 

In the exposition of the theory of 
that all kinds of fuel, solid, liquid, £ 
in his motor. As yet oil only has bet 
leum or other heavy oil has probab] 
of such oils. It is evident that gas 
of engine; the gas can be compress 
somewhat higher than that in the i 
air is which is used for injecting oil. 
sary to cool the gas after compressio: 
supplied with air. 

There appears to be no insurmoi 
ing powdered solid fuel to this enj 
ash from such fuel in the cylinder 
to give trouble. Diesel claims that 
(for example, a hundred pounds of 
the ash will be swept out of the cy 

finr I will nnf crivp frmiKIp* Vnif' tTiat 


thk iukski. motor 


A theoretical discussion of tin* efficiency of tb 
simple engine as represented hv Fig. yp may 1 
considering that heat is added at constant lemj 
to d and that heat is rejected at constant volun 
bearing in mind that be and dc represent adiabal: 

From equation ( 75 ), page 0 k q the expressioi 
supplied from c to d is, for one pound of working 

Q, ■ Aps-'h'K,- 

'l'lie heat rejected at constant volume is 

Q, r„ (T, 70 ■' (T, - T t ) 

Since the expansion dr is adiabatic, 



but since the compression hi is also adiabatic, 



and consequently 



ENGINES FOR SPECIAL PURPOSES 


The equation for efficiency gives in this case 


778 X 0.2375 X 58° 


} \o.o7()6/ 


1.405 X 53-22 X 1 480 log,. 

0.0796 


Engines for Special Purposes. - Small engines 1 

to give any required degree of regularity for elect] 
purposes, by giving a sufficient weight to the i 
large power the same object can be attained by usi 
of cylinders, by making the engine double acting, 
struction of two cycle engines, or by the combinati 
more of these devices. 

The four cycle engine has not as yet been ma 
and even if the complexity of valve-gear for run 
directions could be accepted, it appears likely t 
starting device would be required for every reversa 
launches and automobiles is done by aid of a mech 
ing gear, except that for some small boats a rever 
is used. Such gear for large ships appears to be 
well as impracticable. 

Two cycle engines would not require much eo 



ECONOMY OF GAS-ENGINES 


(5) Time of ignition. 

(1) The influence of compression is indicated the 
equation (187), page 312, which shows that the effici 
expected to increase progressively with increasing 1 
To exhibit this feature and to compare it with the res- 
in practice, the following table has been computed f 
and 7 of Table XXXV, page 350. The composition o 
ating-gas used was similar to that on page 315; 
detailed report of these tests shows little variation in 


Number of tests . . 

2 

5 

| Ratio of compression 

. 4-98 

4-59 

Theoretical efficiency 

. 0.479 

0.461 

Thermal efficiency 

. 0.270 

0.264 

Ratio 

. 0.564 

°-573 


Such a comparison is commonly considered to s] 
actual efficiency follows the theoretical efficiency, 
being based on the indicated horse-power, and be 
I by dividing 42.42 (the equivalent of one horse-pow< 

I units per minute) by the thermal units per indicated 

[ per minute. But if the brake horse-power is taken 

of comparison, as has already been shown to be ] 
appears to be practically no advantage in the higher 



ECONOMY OF GAS-ENGINES 


eight to one will give the minimum per brake horse-power, 
remainder of the table is less conclusive, but it appears 
that a ratio of eight volumes of illuminating-gas to one v 
of air is proper, and that for power-gas the ratio should be 
what larger than unity. 

(3) A committee of the Institution of Civil Engineers * 
three gas-engines of varying size, but all having the same 
of compression, and tested under the same conditions, 
results that bear on the question of size are as follows: 

Brake horse- power 5.2 20.9 52. 

Thermal units per horse-power per ) 
minute 1 | '59 ' 5 ° M 

It is to be remarked that the results just quoted are rema 
low, but that the composition of the committee and the p 
tions taken, place them beyond cavil. It is somewhat diffi 
account for the difference between the results just quote* 
those given in Table XXXV, though part of it is due to the 
mechanical efficiency of the former. This was estimated 
about 0.87, while that of the engine tested by Professor 
was about 0.72; allowance for this difference may be esti 
to reduce the results of the first test in Table XXXV : 
thermal units per brake horse-power per minute. This 
trates an inconvenience of using the brake horse-power 






A PRODUCER-GAS PLANT 


development of power by the combination of a Tayloi 
ducer with necessary adjuncts, and a three-cylinder Wes 
gas-engine; a detailed report of the tests is given b; 
Parker, Holmes, and Campbell,* the committee in ch; 

The gas-producer had a diameter of 7 feet inside 
lining, and at the bottom was a revolving ash table 
diameter; the blast was furnished by a steam-blow- er 
from a battery of boilers used for other purposes; t 
made to determine the probable amount of steam tak 
blower, but the variation of steam-pressure acting at t 
during tests made this determination somewhat unsa 
The cost of the steam in coal of the kind used for any 
be estimated closely from boiler-tests made with the sa 
The gas from the producer passed through a coke 
and then through a centrifugal tar-extractor using 
amount of water. From the extractor the gas passe< 
a purifier filled with iron shavings to extract sulphur, 
way to the engine the gas was measured in a meter. 

The engine-cylinders were 19 inches in diameter ai 
inches stroke. At 200 revolutions the engine was rat 
brake horse-power. The engine was belted to a dire 
generator, and the energy was absorbed by a water-rhf 
The results of a test on a bituminous coal from Wes 
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Duration, hours . . . 
Total coal fired in prod 
Coal equivalent of stean 
Coal equivalent of powe 
Total equivalent coal . 
Thermal value of total, 
Total gas (at 62° F. anc 
Thermal value of total j 
Efficiency of producer . 
Electrical horse-power . 
Mechanical efficiency, e 
Brake horse-power . . 
Gas per horse-power pe 
Thermal units per horse 
Thermal efficiency of b] 
Coal per brake horse-pc 
Combined thermal effici 


It is interesting to co 
plant with the tests ; 
from which the results 


Test at Cb 


Duration hours, . . . 
Coal required by plant, 
Thermal value of Georj 
Heat abstracted from oi 
Efficiency of boiler . . 


ECONOMY OF A DIESEL MOTOR 


correspond to one pound per brake horse power pi 
of a pound per indicated horse-power; the makei 
power-plants are now ready to guarantee a co 
one pound of anthracite per brake horse- power 
Economy of Oil Engine. ~ An engine of the typ 
page 335 was tested by Messrs. A. K. Russell and 
of the Massachusetts Institute of 'Technology . 
had a diameter of 1 1.22 inches and a stroke of 15 
220 revolutions per minute developed ten brake 
the mechanical efficiency was about 0.7.1, so that 
power was about 14; the clearance or charging sp; 
0.44 of the piston displacement. 

With kerosene the best economy was 1.5 pmn 
horse-] lower per hour; this kerosene weighed 
per gallon, flashed at 104° I*',, and had a caloi 
17,222 thermal units per pound. 

The engine was also tested with a crude d 
comes from petroleum after the kerosene, weighin 
per gallon, with a flash point at 148° lb, and hav 
power of 10,410 thermal units per pound; of this 
used 1.3 pounds per brake horse power per hour. 
The thermal units per horse power per minute 

-in/l i -irs tin* t i It l*i 1 1 • ■ lti»> 
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quently 0.32. At an 
power, the oil-consui 
(344 horse-power) th 
Since oil for lubria 
together with the fuel 
of this type that erro: 
eating- oil is to be gua 
Distribution of H< 
matter in the discussic 
of the heat, and espe 
work. It cannot be c 
because any heat-engi 
retical cycles, which 
major part of the hea 
The following tabl 
Clerk.* 

* 

Dimension 
of Engine. 


W A STE- 1 1 K A T ENGINES 


first question to bo determined is the mean ef 
that is desired or can he obtained. This must 
fuel and its mixture with air, and on the degree 
There does not at the present time appear to 
that will serve as the basis of a working theory 
the mean effective pressure even when thes 
determined. 

It is desirable, in order that the engine shall h 
compact, that the mean effective pressure shall b 
engineers commonly make use of po to 100 pound 
pressure; but German engineers who have had 
very large engines for which pre ignition is dange 
content with 60 pounds or less. 

Waste-heat Engines. - On page 1K0 attentioi 
the fact that the exhaust-steam from a steam -c 
used for vaporizing some fluid like sulphur di 
thereby the temperature range could be extent 
tests quoted failed to show the advantage that mi 
when this method is used with steam-engines, 
from a gas engine is very hot, probably i ooo° 1 
there appears to be no reason ‘why the heat sh< 
as it could readily be used to form steam in a bo 


Durnoses. 



Compressed air i 
energy, and for pi 
pressure, produced b; 
of iron and steel; an< 
than that of the z 
blowers) are used to 
for producing forced 
be given mainly to th 
production and use < 
ceptible of but little 
be reserved for anotl 
A treatment of the 
involves the discussi 
through pipes, and c 
storage of energy difi 
the compressed air, 
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1 FLUID PISTON-COMPRESSORS 


[ which receive air at atmospheric pressure, con 

deliver it against a higher pressure. They are sir 
pact, but are wasteful of power on account of frictio 
and are used only for moderate pressures. 

Fan-blowers consist of a number of radial pi; 
fixed to a horizontal axis and enclosed in a cas 
axis and the vanes attached to it are rotated at a 1 
is drawn in through openings near the axis and 
centrifugal force into the case, from which it i 
delivery-main or duct. Only low pressures, suital 
tion and forced draught, can be produced in tl 
little has been done in the development of the 
determination of the practical efficiency of fan-b] 
ventilating-fans have their axes parallel to the di 
air-current, and the vanes have a more or less h< 
so that they may force the air by direct pressur 
effect the converse of a windmill, producing ins 
driven by the current of air. They are useful rati 
air than for producing a pressure. 

Fluid Piston-Compressors. — It will be shown 
of clearance is to diminish the capacity of the cor 
sequently the clearance should be made as sma' 

Wi+li tViie in ttiA iriilxrAC mmnrdccnro a m 




MO 1ST U RK IN THE CYLINDER 


ing water into the cylinder, but experience has 
work of compression is not much affected by : 
only effective way of reducing the work of coi 
use a compound compressor, and to cool the ; 
from the* first to the second cylinder. Three-sta 
are used for very high pressure... It is, howm 
air which has been compressed to a high pres 
density is more readily cooled during eomp’vssior 

Moisture in the Cylinder. ■ If water is not ir 
cylinder of an air compressor the moisture in the 
on the hygroscopic condition of the atmosphen 
the air were saturated with moisture the absolut 
live weight of water in the cylinder would 1; 
Thus at 6o° F. the pressure of saturated stean 
fourth of a pound per square inch, and the weig 
foot is about o.oooK of a pound, while the weig 
foot of air is about 0.08 of a pound. It is pr< 
only effect of moisture in the atmosphere is to 
the exponent of the equation (77), page 64. 
sion probably holds when the cylinder is cook 
jacket. 

When water is sprayed into the cylinder of 
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EFFECT OF CLEARANCE 


I 

i, 

P 

I 

I 


in which the subscripts refer to the normal proper 
freezing-point and at atmospheric pressure. 

If, instead of the specific volume v v we use the \ 
air drawn into the compressor we may readily transfc 
(189) to give the horse-power directly, obtaining 


H. P. 


33ooo in - 1) 



1 


where p x is the pressure of the atmosphere in pound 
inch, and 11 is the exponent of the equation repr 
compression curve, which may vary from 1.4 for 1 
pressors to 1.2 for fluid piston-compressors. 

Effect of Clearance. — The indicator-diagram 
compressor with clearance may be represented 
The end of the stroke expelling air is at a, 
and the air remaining in the cylinder ex- 
pands from a to d, till the pressure becomes 
equal to the pressure of the atmosphere 
before the next supply of air is drawn in. 

The expansion curve ad may commonly be 
represented by an exponential equation having the 
nent as the compression curve cb, in which case tl 
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VOLUME OF THE COMPRESSOR CYLINI 


pressor to the plan* where it is to be used. The lo 
will he discussed under the head of the flow of air 
it should not be largo, unless the air is carried a 1 
The loss of temperature causes a contraction, of v 
ways: first, the volume of the air at a given pressi 
as the absolute temperature; second, the moistu 
(whether brought in by the air or supplied in the < 
excess of that which will saturate the air at the lowes 
in the conduit, is condensed. Provision must; 
draining off the condensed water. The method 
the contraction of volume due to the eondensatio 
will be exhibited later in the calculation of a specia 

Interchange of Heat. The interchanges of 
the air in the cylinder of an air-compressor and th 
cylinder are the converse of those taking place betw 
and the walls of the cylinder of a steam-engine, ; 
less in amount. The walls of the cylinder are ne 
the incoming air, nor so warm as the air expelled: 
the air receives heat during admission and the 
compression, and yields heat during the latter 
pression and during expulsion. The presence < 
the air increases this effect. 

Volume of the Compressor Cylinder. — - Let 
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COMPOUND COMPRESSOR 


The work of compressing one pound of air fr 
p t to the pressure ft is 


The work of compressing one pound from the 


and this becomes a minimum when 

n — - 1 n — 1 




becomes a minimum. Differentiating with rej 
equating the first differential coefficient to zero, 
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FRICTION AND IMPKRFKCTK )NI 


and 
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e p" n 


1 
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n l 


*n -I 


/' />" 
Equations (206) and (.*07) lead to 

P ' 1 P t P" ■ 

p ,n ///>.. . . 

from which by elimination wr have 

/«' •c/vy . 

and 

!<" vjji ■ 


Since the temperature is the same at the ad 
of the three cylinders, the volumes of the eyli 
inversely proportional to the absolute pressures 
As with the compound compressors, this meth 
a threc’Stnge compressor leads to an equal disti 
between the cylinders, For, if the values of ( 
equations (210} and fan ) are introduced into e 
(204 ), taking account also of the equation ( upi 
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;trul i*onsetmi*nitv the total work of comoression 
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engines; compressors dr: 
to a like extent by fricti 
The following table 
effect of imperfect valv 
as deduced from tests 
had a diameter of 18 in< 

RATIO OF ACTUAL 



This table does not 
nor is the clearance fc 




EFFICIENCY OF COMPRESSION 

would be 

W = p 2 v 2 + pv log e ^ - p v x \ 
but = p2 v 2 for an isothermal change, and cons< 

W = Pl v l log. T 2 

Pi 

Some investigators have taken the work of isot 
pression, represented by equation (214), as a basis 0 
for compressors, and have considered its ratio to the 
of compression as the efficiency of compression, 
together into one factor the effect of heating during 
and the effect of imperfect valve-action. 

Professor Riedler * obtained indicator-diagram 
cylinders of a number of air-compressors and drew 
the diagrams which would represent the work 0 
compression, without clearance or valve losses. A 
of the areas of the isothermal and the actual diagr; 
arbitrary efficiency of compression just described. 1 
table gives his results : 

ARBITRARY EFFICIENCY OF COMPRESSI 
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DRY-AIR PUMP 


Seaton * states that the efficiency of a vert: 
air-pump varies from 0.4 to 0.6, and that of 
horizontal air-pump from 0.3 to 0.5, dependii 
and condition; that is, the volume of air an 
discharged will bear such ratios to the disj 
pump. 

He also gives the following table of ratios 0 
pump cylinders to the volume of the engine cyli 
discharging steam into the condenser : 

RATIO OF ENGINE AND AIR-PUMP C 

Description of Pump. Description of Engine. 

J et-condensing, expansion 
Surface- “ “ 

Jet- 

Surface- “ “ 

“ compound 

Jet-condensing, expansion 
Surface- “ “ 

Jet- 

Surface- “ “ 

“ “ compound 

Dry-air Pump. — In the recent development < 
ing, especially for steam-turbines, great emp] 
obtaining a high vacuum. For this purpose tl 
pump which withdraws air and water from t 
been replaced by a feed-pump which takes wa 
condenser, and a dry-air pump which removes 
is necessarily saturated with moisture at th 
the condenser, and allowance must be made fc 





CALCULATION FOR AN AIR COMPRE 


i <»<» X 


■ 15U.5 ! 8 = 


X 


, 14.85 


k)8o c 


459-5 i 5 i.ij 0.878 

Assuming the air-pump to he single-acting 
neeted directly to the engine which made abo 
per minute, the effective displacement of the 
should be 

epHo {50 X 00) 1.0 cubic f 


To allow for the effect of the air pump cleara 
of valve action, and for variation in the temper; 
ing water, this quantity may be increased by 50 

The engine had i'° r the diameter at 

stroke of the low pressure piston, so that its < 
nearly 50 cubic feet; the air pump had a diam< 
a stroke of one foot* so that its displacement 
feet; the ratio of displacements was about sixtee: 
ancy shows that the convent ional method of des 
provides liberal capacity. 

Calculation for an Air Compressor. Let it b 
the dimensions of an air compressor to deliver 
air per minute at too pounds per square inch 1 
also the horse power required to drive it. 

If it is assumed that the air is forced into 
at the temperature of the atmosphere, and, fi 
is no loss of pressure between the compressor 
pipe, equation ( 1 o.t ) for finding the volume 
compressor will be reduced to 

V sss V. 100 X ■* — ''£ 2 ppt eu 

Pi * 14.7 

If now we allow five per cent for imperfect 




CALCULATION FOR AN AIR COMPRESi 

The calculation has been carried on for a simple 
but there will be a decided advantage in using a coi 
pressor for such work. Such a compressor should 
pressure in the intermediate reservoir 

P' = Vp x p 2 = ^114.7 x 14.7 = 41.06 po 

The factor for allowing for clearance of the 
cylinder will now be 

L 1 

! _ I (£\- + L = x L / 4i-o6 V- 4 _2_ = 

m\pj m 100x14.7/ 100 

The loss from imperfect action of the valves an 
of the air as it enters the compressor will be less foi 
than for a simple compressor, but we will here ret 
2464 cubic feet, previously found for the apparen 
the compressor. The volume from which the dime 
compressor will be found will now be 

2464 -4- 0.9784 = 2518 cubic feet, 

which with 80 revolutions per minute will give 15. 
for the piston displacement, and 755.5 square ii 
effective piston area, if the stroke is made 3 fee 
Adding 16 inches for the piston-rod, which will b 
pass entirely through the cylinder, will give for th 
the low-pressure cylinder 31! inches. 

Since the pressure p r is a mean proportional be 
p v the clearance factor for the high-pressure cyl 
the same as that for the low-pressure cylinder, and, a 
are inversely proportional to the pressures p x and 
pressure piston displacement will be 

(15.74 X 14.7) 4- 41.06 = 5.64 cubic fe 



FRICTION OF AIR IN PIPES 



which last term is obtained by dividing the a: 
by its perimeter. For a cylindrical pipe we ha 

m — & 7 rd? -r- 7 td — id . . 

The expression (215) represents the head of li( 
overcome the resistance of friction in the pipe w 
of flow is u feet per second. Such an expression 
be applied to flow of air .through a pipe when th 
ciable loss of pressure, for the accompanying inc 
necessitates an increase of velocity, whereas the < 
the velocity as a constant. If, however, we cc 
through an infinitesimal length of pipe, for wb 
may be treated as constant, we may write for 1 
due to friction 

g. u 2 dl 
2 g m 

This loss of head is the vertical distance throu£ 
must fall to produce the work expended in ovei 
and the total work thus expended may be fount 
the loss of head by the weight of air flowing tl 
It is convenient to deal with one pound of air, so 
sion for the loss of head also represents the wor' 
The air flowing through a long pipe soon i 
perature of the pipe and thereafter remains at a < 
ature, so that our discussion for the resistance oi 
made under the assumption of constant tern 
much simplifies our work, because the intrinsic < 
remains constant. Again, the work done by t 
ing a given length dl will be equal to the work 
when it leaves that section, because the produci 
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FRICTION OF AIR IN PIPES 


But from equation (221) the velocity at the entrai 
where the pressure is p x will be 


WRT 

= — - — and 


A Pi 


W = 


RT ’ 


so that equation (223) may be reduced to 

t A*p?u*L p?-p> 

gA 2 mR 2 T 2 RT ’ 

• t < L P i 2 - P? 

" * gRTm p* * * 

Equation (224) may be solved as follows: 

< gRTmf? - ti p 

' I a. a r ' 


p, - Pi 


gRTm ) 


y = S RTm Pi ~ Pi 

u 2 L p 2 ‘ •" 

The first two forms allow us to calculate eith 
or the loss of pressure; the last form may be us< 
values of K from experiments on the flow through ] 
From experiments made by Riedler and Gut 
fessor Unwin f deduces the following values for K 


Diameter of pipe, feet. f 

O.492 0.00435 

O.656 O.OO393 

O.980 O.OO35I 



FINAL TEMPERATURE 


steam was used in it. The full line ah is a hypcrb 
line ac is the adiabatic line for a gas; both lines are dn 
the intersection of the expansion lines of the two dir 
Power of Compressed-air Engines. — The prol 
effective pressure attained in the cylinder of a coi 
engine, or to be expected in a projected engine, 
may be found in the same manner as is 
used in designing a steam-engine. In Fig. 

85 the expansion curve 1 2 and the com- 
pression curve 3 o may be assumed to be 
adiabatic lines for a gas represented by 
the equation 

pv* p x v 


and the area of the diagram may be found in the usi 
therefrom the mean effective pressure can be determ 
ing the mean effective pressure, the power of a give 
the size required for a given power may be determii 
The method will be illustrated later by an example 

Air-Consumption. The air consumed by a given 

air engine may be calculated from the volume, pi 
temperature at cut-off or release, and the volume, t 
and pressure at compression, in the same way that t 
consumption of a steam-engine is, calculated; but 
the indicated and actual consumption should be the 
then* is no change of state of the working fluid, 
intrinsic energy of a gas is a function of the tempt 
the temperature will not be changed by loss of pre 
valves anti passages, and the air at cut-off will be 
in the supply- pipe, only on account of the chilling a 
walls of the cylinder hurim*- admission, which actio 
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MOISTURE IN THE CYLINDER 

the walls of the cylinder of a compressed-air engine £ 
working therein are of the same sort as those taking pla 
the steam and the walls of the cylinder of a steam-ei 
is to say, the walls absorb heat during admission and c( 
if the latter is carried to a considerable degree, and 
during expansion and exhaust. Since the walls of tl 
are never so warm as the entering air nor so cold 
exhausted, the walls may absorb heat during the be 
expansion and yield heat during the beginning of com 

The amount of interchange of heat is much less 
pressed-air engine than in a steam-engine. With a 
expansion the interchanges of heat between dry a: 
walls of the cylinder are insignificant. Moisture 
increases the interchanges in a marked degree, bu 
make them so large that they need be considered i 
calculations. 

Moisture in the Cylinder. — The chief disadvant 
use of moist compressed air — and it is fair to a 
compressed air is nearly if not quite saturated whe 
to the engine — is that the low temperature experie 
the range of pressures is considerable causes the i 
freeze in the cylinder and clog the exhaust-valves, 
cultv mav be overcome in Dart bv making the valves ar 





CALCULATION FOR A COMPRESSED-AIR EF 


automatic valve-gear the actual mean effective pi 
be 0.9 of that just calculated, or 38.7 pounds per squ 
For a piston displacement D the engine will de^ 
revolutions per minute 


144 X 38.7 D X 2 X iso 

33°°° 


horse-power; 


and conversely to develop 100 horse-power the pist 
ment must be 




100 X 33000 


= 1-974 cubic 


144 X 38.7 X 2 X 150 
and with a stroke of 2 feet the effective area of the pi 


1.974 X 144 -J- 2 = 142. 1 square inches. 

If the piston-rod is 2 inches in diameter it will hav 
3.14 square inches, so that the mean area' of the p: 
143.7 square inches, corresponding to a diameter of 
We find, consequently, that an engine developin, 
power under the given conditions will have a dial 
inches and a stroke of 2 feet, provided that it runs 
lutions per minute. 

In order to determine the amount of air used b 
we must consider that the air caught at compression i: 



somewhat lens tin at count of b*v« of prov **t»r«* in the valves an 
pannages; it may f«" fair to itvatmr tf»a cubit fret per minute f( 
the at tual consumption. 

In order to make on** complete t ah illation for the urn* of eon 
pressed air for Iran emitting power, thr data for the nmipreuet 
air engine have been math* to » orre%j»oi«! with the results of calcs 
Union* for an air compressor on page *77 and for the loss « 
pressure in a j»ij*e »»n page 1 Sim e there r* a !«»?*«* of prtmu; 
in flowing through the f»ija at constant tem{»erature» there 
a iorre**jH»nding increase of volume, »o that thr pipe detive 
* t i 1.7 rote 7 ~ UJ.tt 

cubit' feet |*er minute, Uur tatcidafion for the air romtumptic 
of an engine to deliver too horn* |M»wrf given about t6o eub 
feet, from which it appr-ar* that the .system of * ©mprwsor, coi 
dueling pi|**, ami tt*m|»rr.nnr«l air engine nhuuM deliver 
ton K $ JJ.t* • t(m — mm t florae |*uwer. 

If the frit lion of thr t ntitjirmnl air engine b assumed to \ 
ten |tef 1 eft I, thr jjcoWrf delivered by it !«» the main shaft (ot I 
the mat hine driven directly from it * will i*r 

stm *. .*1 — (Ho borne | tower. 

The steam |*»wer rr*|u$rrt| to drive a simple rnmproMor wi 
fount! to be $40 lior»r |a#wrr ; it ton*rf(iirntly appears that 

iKo • %.m ~~ Q..I-I 

of the Indicated steam jmwrr b a* tually (detained for doing ww 


compound compressor is used, then the indicated steam-power 
is 444, and of this 

180 -T- 444 = 0.40 
will be obtained for doing work. 

If, however, we consider that the power would in any case be 
developed in a steam-engine, and that the transmission system 
should properly include only the compressor-cylinder, the pipe, 
and the compressed-air engine, then our basis of comparison will 
be the indicated power of the compressor-cylinder. For the 
simple compressor we found the horse-power to be 442, which 
gives for the efficiency of transmission 

180 -5- 442 = 0.41, 

while the compound compressor demanded only 377 horse- 
power, giving an efficiency of 

1:80 -7- 377 = 0.48. 

It appeared that the failure to obtain complete compression 
involved a loss of about 13 per cent in the air-consumption. 
It may then be assumed that with complete compression our 
engine could deliver 200 horse-power to the main shaft. In 
that case the efficiency of transmission when a compound com- 
pressor is used may be 0.53. 

Efficiency of Compressed-air Transmission. — The preced- 
ing calculation exhibits the defect of compressed air as a means 
of transmitting power. It is possible that somewhat better 
results may be obtained by a better choice of pressures or pro- 
portions. Professor Unwin estimates that when used on a large 
scale from 0.44 to 0.51 of the indicated steam-power may be 
realized on the main shaft of the compressed-air engine. On 
the other hand, when compressed air is used in small motors, 
and especially in rock-drills and other mining-machinery, much 
less efficiency may be expected. 

Experiments made by M. Graillot * of the Blanzy mines 
showed an efficiency of from 22 to 32 per cent. Experiments 

* Pernolet, U Air ComprimS, pp. 549, 550. 


far delivering small |K*wrr> *»r itt j»ku r«> w In-re the mid eshausl 
can be UHi'tt far refrigeration, Thr trouble from freezing o! 
moisture in thr cylinder hint been a undid !iy allowing the ail 
ta flaw through » % ail *4 |4|«r whk h b Stented externally by i 
charcoal tire, Professor t'mvin estimates that nrt efficiency ol 
trarmmb*t*an of a.ys may U* attained mu hr hi vara hie condition! 
when the air k heated near thr tom|»rrMor, hut hr docs noi 
include thr cost of furl for rr Sira ting in thi* estimate. 

Storage of Power by Cmnprmmd Ak, Kcsrrvujm or eylin 
drrs charged wit Si c«»nif*rr»»«il air Stave S*rrn used to store powe 
far driving street t ar**, A lovlmi *Irvrloj*rd hy Mekaraki uso 
air at jso to } j*ounds j*rr '♦•juar*- »m St in reservoir* having! 
raf tar ity of 7$ cubic fret, Thr tar aht< t arric* a tank of ho 
water at a iero|H*raturr of a Stout I , through which the al 

jmsHes oil thr way to fSir iinUar and by w lie it it k heated ant 
charged with strain. The* ser of hot water gives a secondtr 
method of storing |«*w* r, and ;d-»o numb trouble from frceaiftj 




used for driving street-cars in New York City, but the particu- 
lars have not been given to the public. 

The calculation for storage of power may be made in much 
the same way as that for the transmission of power; the chief 
difference is due to the fact that the air is reduced in pressure 
by passing it through a reducing-valve on the way from the 
reservoir to the motor. By the theory of perfect gases such 
a reduction of pressure should not cause any change of tem- 
perature, but the experiments of Joule and Thomson (page 69) 
show that there will be an appreciable, though not an important, 
loss of temperature when there is a large reduction of pressure. 
Thus at 70° F. or 2i°.r C. the loss of temperature for each 100 
inches of mercury will be 

o°.92 X ** °°-79 C. = il° F. 

Now 100 inches of mercury are equivalent to about 49 pounds 
to the square inch, so that 100 pounds difference of pressure will 
give about 3I 0 F. reduction of temperature, and xooo pounds 
difference of pressure will give about 35 0 F. reduction of tem- 
perature. The last figures arc far beyond the limits of the 
experiments, and the results are therefore crude. Again, the air 
in passing through the reducing-valve and the piping beyond 
will gain heat and consequently show a smaller reduction of tem- 
perature. The whole subject of loss of temperature due to 
throttling is uncertain, and need not be considered in practical 
calculations for air-compressors. 

For an example of the calculation for storage of power let us' 
find the work required to ►store air at 450 pounds per square 
inch in a reservoir containing 75 cubic feet. Replacing the 
specific volume v t in equation (213) by the actual volume, we 
have for the work of compression (not allowing for losses and 
imperfections) 

W - 3 X 464-7 X *44 X 75 i>4 T 1 j (“”) “ 1 1 

■a 20520000 foot-pounds. 




Tin* work for eumphte expansion of ortr {Huttni to tin* prcssui 

of Un* atmosphere will be 

tr . .. , /Vi / r sY * ( .... a *. 


and the work for yru r tlbh irr! will hr 


t >|4 X t*4 . 7 X 5,i*i 


t » t 
“ ( 


font jHHttuh, without allowing for b»*m-i or imprrfei lion*. Tli 
maximum rtlkicmy of storing ami restoring energy by \\] 
Use of roroprexml air in tli*'* case ii therefore 


- io 5 tfvQ* 3 *-'* — n. 4 * 1 . 


lion to a danger that may arise if air at high prelim* it* sudden) 
let into a jdfir width !u*» oil mingled with l lie air in it nr eve 
adhering to the side of the pipe, ‘I'hr air in the ptjir will be eon 
presml, and it?* terojieraturr may \*rt «i«c high enough s« ignite tli 
oil and iau»e an explosion. That this danger in not imaginary i 
shown by art explosion with It m t urred under *urh conditions! 
h jtifK* whir It was strong enough !*» withstand the a ir»f treasure. 

tiquid Air, 'Hie ro***t prat deal way of lb|tti*fy$ng air oa 
large M ale is that devised In IJndr drj« nding on the reduetto 
of the temjieratiire by throttling, t »n page Cwj, U given tb 
empirical expression drdu* ed by Joule and Kelvin for tli 
mltfction in teiufirraturr *»f air flowing through a |«ir«us plu 
with a dilferenee of pressure measured l»v it® in* hex of mercury 



freezing, and T is the absolute temperature of the air. 

A modern three-stage air-compressor can readily give a press- 
ure of 2000 pounds per square inch, and if the above expression 
is assumed to hold approximately for such a reduction in pressure, 
it indicates a cooling of 

0.92 X = 37°.5 C. 

v ioo X 0.491 0 

or about 67° F. By a cumulative effect to be described, the air 
may be cooled progressively till it reaches the boiling-point of its 
liquid and then liquefied. Linde’s liquefying apparatus consists 
essentially of an air-compressor, a throttling-orifice, and a heat 
interchange apparatus. 

The air-compressor should be a good three-stage machine 
giving a high pressure. The throttling-orifice may be a small 
hole in a metallic plate. The heat interchange apparatus may 
be made up of a double tube about 400 feet long, the inner tube 
having a diameter of 0.16 and the outer tube a diameter of 0.4 
of an inch; these tubes for convenience are coiled and are then 
thoroughly insulated from heat. The air from the compressor 
is passed through the inner tube to the throttle- orifice and then 
from the reservoir below the orifice, through the space between 
the inner and outer tubes back to the compressor. The cumu- 
lative effect of this action brings the air to the critical temper- 
ature in a comparatively short period, and then liquid air begins 
to accumulate in the reservoir below the orifice, whence it may be 
drawn off. 

The atmospheric air before it is supplied to the condenser 
should be freed from carbon dioxide and moisture, which would 
interfere with the action, and should be cooled by passing it 
through pipes cooled with water and by a freezing mixture. 
The portion of air liquefied must be made up by drawing air from 
the atmosphere, which is, of course, purified and cooled. 

The principal use of liquid air is the commercial production of 
oxygen by fractional distillation; several plants have been installed 
for this purpose. 


CHAPTER XVI. 


it i nt u ; i . k at i \ ■ m \* ■ m \ i h 

A RKPkltH'KATIKtl MAf’ltlttK R a flnn r for producing 1( 
tem|K*raturcs or for tooling **»»mr Mihstaru r t*r spun*. R m 
lie used for making iff nr I«*r maintaining a Imv temperature 
a cellar or storehouse. 

Refrigeration on a smalt w a In mav !»r obtained hy the so! 
turn of certain a familiar illustration R tin* solution 

common sail with nr, another R the solution of sal ammnni 
in water. Certain refrigerating mat him *, depend on the r&f 
jtbmrptton of mmr volatile liquid, for example, of ammonia 
water; if thf mat him* R to work » oitsmuouT there mu?*t beam 
arrangement for redistilling the from tin- absorbent, T 

most rm-nt ami jniwerfut refrigerating nut him-s art* revera 
heat engine*. They withdraw t S»r working substance (air 
ammonia t from ihr told room or t««oling * oil, t omprea* it, a 
deliver it It* a cooler or condenser. Thus thrv take heat front 
cold sulmtaficc, do work and add heal, and hnatty reject the it 
of the heat drawn in ami site heat equivalent of the work dm 
The*e reversed lira! engines, how-ever, arc very far from bd 
reversible engine*, not only **n a* * owni «»( itnperfo i ions and loan 
hut because they work oft a non reversible cycle. 

Two forms of r« frigerating nut* him * art* $rs common utte, ; 
refrigerating mat him-s and ammonia refrigerating-machiti 
Sometime* sulphur dioxide or some other volatile flitkl is u* 
instead of ammonia. C»r!*»»n dhnid* lias lw*rn used, but then? I 
ditlh uhirx tinr i*» high pressure and thr f,u \ that the critical te 

f*T4ture R HH W I’ . 

Air lUfriKtrfltInx-ftUcMiw. Tin* genera I arrangement 
an air refrigerating ^ mat him- R shown t»y Pig. tff*. It cotwl 


oi a a, nil expansiQn-cyunaer r> oi smaller 

size, and a cooler C. It is commonly used to keep the atmos- 
phere in a cold-storage room at a low temperature, and has 
certain advantages for this purpose, especially on shipboard. 
The air from the storage-room comes to the compressor at or 
about freezing-point, is compressed to two or three atmospheres 
and delivered to the cooler, which has the same form as a sur- 
face-condenser, with cooling water entering at e and leaving at /. 
The diaphragm mn is intended to improve the circulation of 
the cooling water. From the cooler the air, usually somewhat 
warmer than the atmosphere, goes to the expansion-cylinder B , 



in which it is expanded nearly to the pressure of the air and 
cooled to a low temperature, and then delivered to the storage- 
room. The inlet-valves a , a and the delivery-valves b, b of 
the compressor are moved by the air itself; the ad mission- valves 
c , c and the exhaust-valves d, d of the expansion-cylinder are 
like those of a steam-engine and must be moved by the machine. 
The difference between the work done on the air in the com- 
pressor and that done by the air in the expansion-cylinder, 
together with the friction work of the whole machine, must be 
supplied by a steam-engine or other motor. 

It is customary to provide the compression-cylinder with a 
water-jacket to prevent overheating, and frequently a spray 
of water is thrown into the cylinder to reduce the heating and 
the work of compression. Sometimes the cooler C, Fig. 86, 










cylinder be p v that at which it leaves be p 2 \ let the pressure at 
cut-off in the expanding-cylinder be p z and that of the back- 
pressure in the same be p 4 \ let the temperatures correspond- 
ing to these pressures be i v t 2 , t s , and t 4 , or, reckoned from the 
absolute zero, T v T v T z , and T 4 . With proper valve-gear 
and large, short pipes communicating with the cold-chamber 
p 4 may be assumed to be equal to p x and equal to the pressure 
in that chamber. Also t x may be assumed to be the tempera- 
ture maintained in the cold-chamber, and t z may be taken to 
be the temperature of the air leaving the cooler. With a good 
cut-off mechanism and large passages p z may be assumed to 
be nearly the same as that of the air supplied to the expanding- 
cylinder. Owing to the resistance to the passage of the air 
through the cooler and the connecting pipes and passages, p z 
is considerably less than p r 

It is essential for best action of the machine that the expan- 
sion and compression of the expanding-cylinder shall be complete. 
The compression may be made complete by setting the exhaust- 
valve so that the compression shall raise the pressure in the 
clearance-space to the admission-pressure p z at the instant 
when the admission- valve opens. The expansion can be made 
complete only by giving correct proportions to the expanding- 
and compression-cylinders. 

The expansion in the expanding-cylinder may be assumed 
to be adiabatic, so that 


K I 



Were the compression also adiabatic the temperature t 2 could 
be determined in a similar manner; but the 
air is usually cooled during compression, 
and contains more or less vapor, so that the 
temperature at the end of compression cannot 
Fig. 87. k e determined from the pressure alone, even 
though the equation of the compression curve be known. 
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inc auierence between the works of compression and expan- 
sion is the net work required for producing refrigeration; conse- 
quently 

.( 237 ) 

or, replacing M by its value from equation (232), 


Q, t -} - q — t. 

■Ss ..I, ..Ji UL 


• (238) 


The net horse-power required to abstract Q t thermal units 
per minute is consequently 

p» - ZZ22 , *, + *>-*, -*, (239) 

33000 q - q 

where q is the temperature of the air drawn into the compressor, 
and q is the temperature of the air forced by the compressor into 
the cooler, and q is the temperature of the air supplied to the 
expanding-cylinder, and U is the temperature of the cold air 
leaving the expancling-cylindcr. The gross horse-power devel- 
oped in the steam-engine which drives the refrigerating-machine 
is likely to be half again as much as the net horse-power or even 
larger. The relation of the gross and the net horse-powers for 
any air refrigerating-machine may readily be obtained by indi- 
cating the steam- and air-cylinders, and may serve as a basis for 
calculating other machines. 

The heat carried away by the cooling water is 

Q^Q t +AW (240) 

If compression and expansion are adiabatic, then 

Q 2 =» Mcp (q q -f- q 4- q — q q) *= Mc v (q q) . (241) 

or, replacing M by its value from equation (232), 

Q = Q ^ (242) 


If the initial and final temperatures of the cooling water are 
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t { and Ijt, and if qi and q k are the corresponding heats of the- 
liquid, then the weight of cooling water per minute is 

Qr ~ *• 


G = 


-<2i 


(243) 


~ qi (h - O (?* - qt) 

The compressor-cylinder must draw in M pounds of air per* 
minute at the pressure p t and the temperature t v that is, with 
the specific volume v x ; consequently its apparent piston dis- 
placement without clearance will be at N revolutions per minute,. 

„ Mv , MRT, , v 

c 2 N 2Np i K 44 ' 

for the characteristic equation gives 

Wx - RT t . 

Replacing M by its value from equation (232), we have 

D c = T^—T ) ■ ■ ■ ■ 

2 Nc p p 1 (i t - U) 

Since all the air delivered by the compressor must pass through 
the expanding-cylinder, its apparent piston displacement will be 

!\I i 


D. = D, 


(246) 


If p v the pressure of the air entering the compression-cylinder 
is equal to p Ai that of the air leaving the expanding-cylinder (as 
may be nearly true with large and direct pipes for carrying the 
air to and from the cold-room), equation (246), will reduce to 

D, = D C ^ 1 ( 247 ) 

Both the compressor- and the expanding-cylinder will have 
a clearance, that of the expanding-cylinder being the larger. 
As is shown on page 363, the piston displacement for an air- 
compressor with a clearance may be obtained by dividing the 
apparent piston displacement by the factor 


1 



complete, the same factor may be applied to it. For a refriger- 
ating-machine n may be replaced by k for both cylinders. To 
allow for losses of pressure and for imperfect valve action the 
piston displacements for both compressor- and expanding- 
cylinders must be increased by an amount which must be deter- 
mined by practice; five or ten per cent increase in volume will 
probably suffice. In practice the expansion in the expanding- 
cylinder is seldom complete. A little deficiency at this part 
of the diagram will not have a large effect on the capacity of 
the machine, and will prevent the formation of a loop in the 
indicator-diagram; but a large drop at the release of the expand- 
ing-cylinder will diminish both the capacity and the efficiency 
of the machine. 

The temperature / 4 and the capacity of the machine may be 
controlled by varying the cut-off of the expanding-cylinder. If 
the cut-off is shortened the pressure p 2 will be increased, and 
consequently 7 \ will be diminished. This will make D e , the 
piston displacement of the expanding-cylinder, smaller. A 
machine should be designed with the proper proportions for its 
full capacity, and then, when running at reduced capacity, the 
expansion in the expanding-cylinder will not be quite complete. 

Calculation for an Air-refrigerating Machine. — Required 
the dimensions and power for an air refrigerating- machine to 
produce an effect equal to the melting of 200 pounds of ice per 
hour. Let the pressure in the cold-chamber be 14.7 pounds per 
square inch and the temperature 32 0 F. Let the pressure of 
the air delivered by the compressor-cylinder be 39.4 pounds by 
the gauge or 54.1 pounds absolute, and let there be ten pounds 
loss of pressure due to the resistance of the cooler and pipes and 
passages between the compressor- and the expanding-cylinder. 
Let the initial and final temperatures of the cooling water be 
6o° F. and 8o° F., and let the temperature of the air coming 
from the cooler be 90° F. Let the machine make 60 revolutions 
per minute. 

With adiabatic expansion and compression the temperatures 
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2.33 °-979 ~ 2 -3« cubic feet. 

If, further, the clearance of the expander-cylinder is 0.05 of 
its piston displacement, the factor for clearance becomes 






0.963, 


, .... 5L ( thh 1 

100 \ r 4.7/ 100 

which makes the piston displacement 

x'.po -*■ 0.963 *= 1.97 cubic feet. 

If now we allow ten per cent for imperfections, wc will get for 
the dimensions: stroke 2 feet, diameter of the compressor-cylinder 
15^ inches, and diameter of the expanding-cylinder 14 inches. 

Compression Refrigerating-Machine. — The arrangement of 
a refrigerating- machine using a volatile liquid and its vapor is 
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shown by Fig. 88, The essential parts are the compressoi A , 
the condenser 1 B, the valve /), and the vaporizer C. The com- 
pressor draws in vapor at a low pressure and temperature, 
compresses it, and delivers it to the condenser, which consists 
of coils of pipe surrounded by cooling water that enters at e and 
leaves at /, The vapor is condensed, and the resulting liquid 
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gathers in a rr-arvuii in tin* bottom, imm whence* it is led 
small j»i{«* having a regulating uhv !> to tin- vaporize 
refrigerator, i hr refrigerator i-, ako made up of mils of 
in which tin* loiatih liquid vaporizes, The coil* nuiy Ik; 
directlv fa r cooling -paces, at tin v may hr immersed in a 
of brine, with h may In used for noting spare?* or fur makin 
Fig. KH shown tin- compressor with one single acting vc 
cylinder whhh has hr.nl talus, foot valves, and valves ii 
piston. Small machines u uailv have mir double aiding 
pressor t y Under, Large ntaehines have vertical c umpfl 
which ma v la- vingh* at ting or double acting. 
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equation (oo), page 65, giving 


i — 1 


r - - r -(t) ' - ■ ■ ■(..) 


This equation may be used because it is equivalent to the 
assumption with regard to entropy on page 121. The value 
of a is i for ammonia and 0.22 for sulphur dioxide as given on 
pages 1 19 and 124. 

As has already been pointed out, the vapor approaching the 
compressor may be treated as though it were dry and saturated, 
each pound having the total heat H 2 . The vapor discharged by 
the compressor at the temperature t t and the pressure p x will 
have the heat 

c p (4 ~ K) + 

The heat added to each pound of fluid by the compressor is 
consequently 

c p ~ O -®"i XI v 

and an approximate calculation of the horse-power of the com- 
pressor may be made by the equation 


P = 


778M \c- (t s - Q +g, - H 9 \ 


33° 00 

or, substituting for M from equation (249), 


( 2 5o) 


778(2, icy (h ~ O +g, -gj 


(251) 


33ooo (H 2 - q x ) 

The power thus calculated must be multiplied by a factor to 
be found by experiment in order to find the actual power of the 
compressor. Allowance must be made for friction to find the 
indicated power of the steam-engine which drives the motor; for 
this purpose it will be sufficient to add ten or fifteen per cent of 
the power of the compressor. 

The heat in the fluid discharged by compressor is equal to 
the sum of the heat brought from the vaporizing-coils and the 
heat-equivalent of the work of the compressor. The heat that 
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must be carried away by the cooling water per minute is co 
sequently 

Q 2 =M (H a - q x ) + M\c p (/, - t x ) + H x - H 3 \-, 

Q2 = M \ c p ~ <i) + r x \ (25: 

where r x is the heat of vaporization at the pressure p v 
If the cooling water has the initial temperature t w and the fin 
temperature t' w , and if q„ and q' w are the corresponding heats 
the liquid for water, then the weight of cooling water used p 
minute will be 

C -- M [c p (i s ~l^) + i;,] 

Qu,~ q' w 


If the vapor at the beginning of compression can be assum 
to be dry and saturated, then the volume of the piston displac 
ment of a compressor without clearance, and making N strot 
per minute, is 



(25 


To allow for clearance, the volume thus found may be divid 
by the factor 


m \p 2 / m 

as is explained on page 363. The volume thus found is furtl: 
to be multiplied by a factor to allow for inaccuracies a: 
imperfections. 

The vapors used in compression-machines are liable to 
mingled with air or moisture, and in such case the performar 
of the machine is impaired. To allow for such action the s: 
and power of the machine must be increased in practice abc 
those given by calculation. Proper precautions ought to 
taken to prevent such action from becoming of importance. 

Calculation for a Compression Refrigerating-Machine. — I 
it be required to find the dimensions and power for an ammoi 
refrigerating-machine to produce 2000 pounds of ice per he 
from water at 8o° F. Let the temperature of the brine in t 


De 05 r. Assume mat me macmne wni nave one uouuie- 
acting compressor, and that it will make 80 revolutions per 
minute. 

The heat of the liquid for water at 8o° F. is 48 b.t.u., and the * 
heat of liquefaction of ice is 144, so that the heat which must 
be withdrawn to cool and freeze one pound of water will be 
48 + 144 — 192 B.T.U. 

If we allow 50 per cent loss for radiation, conduction, and 
melting the ice from the freezing-cans, the heat which the machine 
must withdraw for each pound of ice will be about 300 b.t.u.; 
consequently the capacity of the machine will be 

Q = 2000 X 300 -T- 60 = 10000 b.t.u. per minute. 

The pressures for ammonia corresponding to 15 0 and 85° F., 
are 42.43 and 165.47 pounds absolute per square inch, so that by 
equation (249) 

= (I5 + 46o) (2f) i= 668 ' 

i s = 668 — 460 = 208° F. 

The horse-power of the compressor is 

p _ 778Q1 | c v (£> ~ O 1 ~~ g .aL 
c 33°°° (#2 ~ ?i) 

778 X 10000 f 0.50836 (208-85) + 556 — 535I 

8=5 33°°° (535 - 5 8 ) 

If we allow 10 per cent for imperfections, the compressor will 
require 45 horse-power. If, further, 15 per cent is allowed for 
friction, the steam-engine must develop 53 horse-power. 

From equation (248) the weight of ammonia used per minute 

M = <2i (H 2 - QJ = 10000 ^ (535 - 58) = 21 pounds; 

and by equation (254) the piston displacement for the com- 
pressor will be 

D — = 21 X ^: . i 3 — 0i Qi cubic feet. 

U N 2 X 80 y 
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ammonia. 

Absorption Refrigerating Apparatus. — Fig. 89 gives an 
ideal diagram of a continuous absorption refrigerating appara- 
tus. It consists of the following essential parts: (1) the gen- 
erator B, containing a concentrated solution of ammonia in 
water, from which the ammonia is driven by heat; (2) the con- 
denser C, consisting of a coil of pipe in a tank, through which 
cold water is circulated; (3) the valve V, for regulating the 
pressures in C and in /; (4) the refrigerator I, consisting of a 
coil of pipe in a tank containing a non-freezing salt solution; 
(5) the absorber A, containing a dilute solution of ammonia, 
in which the vapor of ammonia is absorbed; and (6) the pump 
P for transferring the solution from the bottom of A to the top 
of B; there is also a pipe connecting the bottom of B with the 
top of A . It is apparent that the condenser and refrigerator 
or vaporizer correspond to the parts B and C of Fig. 88, and 
that the absorber and generator take the place of the compressor. 
The pipes connecting A and B are arranged to take the most 



concentrated solution from A to B , and to return the solution 
from which the ammonia has been driven, from B to A. In 
practice the generator B is placed over a furnace, or is heated 
by a coil of steam-pipe, to drive off the ammonia. Also, arrange- 
ments are made for transferring heat from the hot liquid flow- 
ing from B to A to the cold liquid flowing from A to B. As 
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and compression, though neither is complete. No attempt 
was made to measure the amount and temperatures of the cool- 
ing water. 

The data and results of the tests and the calculations are j 
given in Table XXXVI. 

Table XXXVI. 

TESTS ON BELL-CO LEMAN MACHINE. 


Number of test 

Duration in hours _ 

Revolutions per minute 

Temperatures of air, degrees Centigrade : 

At entrance to compression-cylinder 

At exit from compression-cylinder 

At entrance to expansion-cylinder 

At exit from expansion- cylinder 

Mean effective pressure, kgs. per sq. cm.: 

Steam-cylinder: head end 

crank end 

Compression-cylinder: head end 

crank end 

Expansion-cylinder: head end 

crank end 

Indicated horse-power : 

Steam-cylinder 

Compression-cylinder 

Expansion- cylinder 

Mean pressure during expulsion from compression-cylinder, kgs. 
Mean pressure during admission to expansion- cylinder, kgs. . . 

Difference . . . . 

Calculation from compression diagram : 

Absolute pressure at end of stroke, kgs 

Absolute pressure at opening of admission- valve, kg.: 

Head end 

Crank end 

Volume at admission, per cent of piston displacement : 

Head end 

Crank end 

Weight of air discharged per stroke, kg.: 

Head end 

Crank end 

Weight of air discharged per revolution, kg 

Calculation from expansion diagram : 

Absolute pressure at release, kgs. : 

Head end 

Crank end 

Absolute pressure at compression, kgs. : 

Head end 

Crank end 

Volume at release, per cent of piston displacement: 

Head end 

Crank end 

Volume at compression, per cent of piston displacement : 

Head end 

Crank end 

Air used per stroke, kg. : 

Head end 

Crank end . 

Air used per revolution 


diagrams, kg 

In per cent of the former _ 

Mean weight of air per revolution, kg 

Elevation of temperature at constant pressure, degrees Centigrade . 
Heat withdrawn per H. P. per hour, calories 


I. 

n. 

hi. 

6 

x.63 

2.92 

65-05 

61.2 

63.5 

19.3 

17.5 

19. i 


26.8 

27.2 


16.6 

19.1 

— 47.0 

—47.0 

— 47-0 

2.263 

2.336 

2.343 

2.239 

2.294 

2.30X 

I .poo 

1. 861 

x.870 

1.869 

1.825 

1.906 

1.592 

1.589 

1.626 

1.6x5 

1 -594 

1.624 

85.12 

82.3S 

85.71 

128.85 

118.55 

126.01 

60. 10 

56.12 

59-46 

3-35 

3-25 

3-40 

2 . 82 

2.83 

2.84 

0.53 

0.42 

, 0.56 

1.04 

1.04 

1.04 

0.783 

0.788 

0.764 

0.765 

0.749 

0.765 

6. 15 

5-95 

6.03 

8.50 

8.41 

7.91 

0.2744 

0.2764 

0.2750 

0. 2716 

0.2742 

0.2730 

0.546 

0.551 

0.548 

1.32 

1 . 31 

1-33 

1-45 

x .44 

1.46 

X.14 

x.14 

X.I 7 

1.20 

r.19 

1.22 

104.65 

104.7 

104.8 

106. X 

106.3 

106.4 

16.5 

16,0 

16.6 

19.8 

19.6 

20.6 

0.234 

0.233 

0.238 

0.254 

0.254 

o .255 

0 . 488 

0.487 

0.493 

0.058 

0.064 

0.055 

10.6 

n. 6 

IO. O 

0.514 

0.519 

0.520 

66.3 

64-5 

66 . 1 

371 

354 

363 





Dimensions of the 
compression cylinder. 


55,-5 


Cooling w 


2.50 


45-9 

26.27 

27.30 

29.23 

24- 49 
18. 1 

25- 8 
52. or 
61.70 
66.42 
75-Q2 


6-99 

9-3i 

13.66 

14.06 


13-78 

7.87 

10.41 

3-22 

3-5° 

3-62 


26. 1 
34-5 
<jr. 2 
94-5 
99-2 


Temperature of 
water or brine 
cooled. 


Ice formed. 


Number. 


Number. 






































the data and results of tests on three refrigerating- machines 
on the Linde system using ammonia, and of a machine on 
Pictet’s system using Pictet’s fluid, all by Professor Schroter. 
The tests on machines used for making ice were necessarily of 
considerable length, but the tests on machines used for cool- 
ing liquids were of shorter duration. 

The cooling water when measured was gauged on a weir or 
through an orifice. In the tests 3 to 6 on a machine used for 
cooling fresh water the heat withdrawn was determined by 
taking the temperatures of the water cooled, and by gauging 
the flow through an orifice, for which the coefficient of flow was 
determined by direct experiment. The heat withdrawn in 
the tests 7 and 8 was estimated by comparison with the tests 
3 to 6. The net production of ice in the tests 1 and 2 was deter- 
mined directly; and in the test 2 the loss from melting during 
the removal from the moulds was found by direct experiment 
to be 8.45 per cent. By comparison with this the loss by melting 
in the first test was estimated to be 7.7 jDer cent. The gross 
production of ice in the refrigerator was calculated from the 
net production by aid of these figures. In the tests 9 to 12 on 
the Pictet machine the gross production was determined from 
the weight of water supplied, and the net production from the 
weight of ice withdrawn. 

A separate experiment on the machine used for cooling brine 
gave the following results for the distribution of power : 


Total horse-power 57.1 

Power expended on compressor 19.5 

“ “ “ centrifugal pump 9.8 

“ “ “ water-pump 3.6 


The centrifugal pump was. used for circulating the brine 
through a .system of pipes used for cooling a cellar of a brew- 
ery. The water-pump supplied cooling water to the condenser 
and for other purposes. 



ami inter me* hale gear 
gear, a it* I pumjt , , , 


In t$KK comparative tests were made t*y Professor KchrSte 
urt *t Limit* and «n a Pictet refrigerating machine, in a sped 
timlding provided by tin* Linde Company which had eve 
convenience ami fat iiity IW **\at t work. The following tab 
given the prim ipal dimensions *»f the mat him*:* : 


t*K!Nt I!' VI. I»IMI V*l» »*'* « »»■' I IXi*I \M» He TKT 
HI-. I Wtil.H V t l\»i M M *IIM-n 


I Htturlrt «4 » vtimtrt, <i« 

* sls« 4 s-f, ■< an 
itmm »**!, ■* h\ 

t #n*S, »m 

•niiuVr *4 i!r 4*ij < Ml, 

> <imjinrv*>t, « «n 

Itiiwrln >4 In 'njxftftrn, nlf imi, «»«** 

(nlfttnl, mm 

*4 nil*- in ti*"4 m 

■sr »»««4 tr«nf**tlifrr, M* 

t HtmHrt **f |4|« Im tM^Intvt, ninml, mm 

mm 

length <4 |4|m in uwlisBirf, II*. 


water - jacket wa* mpnmb The Pit let machine used Picte 
fluid, whit h L 4 mixture m( sulphur dioaide and carbon dfoil 
and had the rompfr'eiof by a water jacket, 

Thr data and results of the tr%ls are given in Table XXXVII 
Live tests were made *»n e-u h ma* hide. The temperature 
tltr call solution «*r brine, from whit It heat was withdrawn by t 
vaporioera, was allowed t«* vary about three degrees centigrft 
from entrant r to rail. The entrain r tcmttrratnrca were intend 


TESTS ON REFRIGERATING-MACHINES. 

By Professor M. Schroter, Vergleichende Versuclie an Kaltemaschinen. 


One vaporizer. 



Steam-engine : 

Revolutions per minute 

Indicated horse-power 

Compressor : 

Horse-power 

Mechanical efficiency 

Pressure in condenser, kilograms per square 

centimetre 

Pressure in vaporizer, kilograms per square 

centimetre 

Vaporizer : 

Mean temperature of brine, entrance . . 
Mean temperature of brine, exit .... 

Specific heat per litre 

Initial temperature of brine, entrance . . 

Initial temperature of brine, exit 

Pinal temperature of brine, entrance . . . 

Final temperature of brine, exit 

Condenser : 

Mean temperature of cooling-water, entrance 
Mean temperature of cooling-water from 

condonser ; 

Mean temperature of cooling-water from 

jacket 

Initial temperature of condensing-waler, 

entrance 

Initial temperature of condensing-water, exit 
Final temperature of condensing-water, 

entrance 

Final temperature of condensing-water, exit 

Error in heat account, ixt cent 

'Refrigemtive effect, calories per horse-power 
per hour 


Linde machine 


Steam-engine: 

Revolutions per minute 

Horse-power 

Compressor : 

Horse-power 

Mechanical efficiency 

Pressure in condenser, kilograms per square 

centimetre 

Pressure in vaporizer, kilograms per square 

centimetre 

Vaporizer s 

Mean temperature of brine, entrance . . 
Mean temperature of brine, exit .... 

Specific heat per litre 

Initial temperature of brine, entrance . . 
Initial temperature of brine, exit, .... 
Final temperature of brine, entrance . . . 

Final temperature of brine, exit 

Condenser : 

Mean temperature of cooling-water, entrance 
Mean temperature of cooling-water, exit. . 
Initial temperature of water, entrance . . 
Initial temperature of water, exit .... 
Final temperature of water, entrance . . 

Final temperature of water, exit 

Error In heat account, per cent 

Refrlgerative effect, calories per horse-power 
per hour 




. 

















m-,rr with 4 tcmper&tu: 

of marly ao” {*.; the fifth test * *1* r.u h mat hint' wan made wil 
tin* ext! u mjH ralurf <4 tin- « «H*img water at alwmi (\ 

The pressure in tin * itmj»r*^a«r deluded, of course, on tl 
tt nt|*t raturti. «»f the brine am) the tooling water. Pur all tl 
test* except tin* filth on rath mat him*, thr maximum preasm 
of the* working substance w.r* nearly ant; almut <j kibgr&n 
|ht Hijttafr centimetre f«*r 4 mmoma and al«ntt j kilograms f( 
|*Hiet%» fluid. The tilth t«"*t had tondderably higher pressur 
torrr,s|K»mlmg to tin* higher tnn|« rature in thr tomlcrtser. 
minimum pressure of thr working minium r of toursc diminish? 
a** thr brine tt-mjnraum fell 

riu* heat yielded j**r hour to thr ammonia in tin* vaporizi 
wan calculated by multiplying together the amount of brine me 
in an hour, the *j*er ii« heat *4 the bimr, 4 in! its increase < 
trmjHTature, Hut the initial and final tem|*er 4 turex were tu 
ijuitr um*unt, an*l ••«»* a tormtion was applied. The her 
abnirai ted from the ammonia m the *ondem*rr was calculate 
from thr watrr used j**r hour and its »m rra*»e of temperature 
f he call illation for l 4 ii irth mat him* involves also the jacket 
water and its im reuse of temperasurr, A correction b applie 
for the variations *4 initial anti final trmjwra lures of ti 
tooling water. If thr brat rt|uitalenf of the work of the? con 
f»rr**c»r i* added t«» the brat yielded by thr vaftorker the sui 
should lie et|iial to the heat abntrat trd by the cmiling-wate 


amiraey of the trxix. 

The frfrigefrtlii r dirt l i% (Attained In dividing thr heat yield® 
by the vajHari/er by the horse *4 the steam cylinder. Tl 

first four tests with (oiisian? Irmjtrrature in the condenser iho 
11 regular rirtrra.se in the rrfrtgrrativr died for each machir 
a* the trmjjeruttm *4 thr brim* and the minimum prewure t 
the working Mibatafttr js reduced, The fifth test, with 



effect than the second test, which has nearly the same brine 
temperatures. These results are in concordance with the idea 
that a refrigerating- machine is a reversed heat-engine; for a 
heat-engine will have a higher efficiency and will use less heat 
per horse-power when the range of temperatures is increased, 
and per contra , a refrigerating-machine will be able to transfer 
less heat per horse-power as the range of temperatures is 
increased. 

Tablk XXXIX. 

TESTS ON AMMONIA RKFRKIHRATING-MACHINE. 

By Professor J. K. Denton, Trans. Am. Soc. Mec.li. Kngr., vol. xii, p. 326. 



I 

II 

HI 

IV 

PrcHtuire above atmoaphore, pounds par square Jnnh : 




Jftt 


aK 

K.a 


Barometer, indies of mercury 

ay. 87 

* 4 . »Q 


Temperature', degrees Fahrenheit : 

Vi .76 

jH.80 





28.45 

54.00 

8a. 86 


44 AS 
83 .66 
44.63 
34.3 

so.fis 
8s. 4 

SO. 7 

14.7 

40.0 
85.46 

46.0 

3.0 

ovttloi 


54-3 
ao. a 

Animoutivvapor, leaving brine-tank 

leavlng’comprcHSor, 

a IS 

a 0.1 
.104 

3(8 


aa r 


ate 

entering condenser. 

ate 

aafit 



943.8 

RpaoiAc gravity, 

1 . 163 
0.8a 

iii 4 

i **74 


0.78 

16.07 

Ammonia, lb*. per inln. by metre., 

14.68 

38.3 a 

from compressor displacement. , 


Heat account, n.T.n. per minute : 

(liven to ammonia by brine. 

*4776 

37860 

71876 

88a a 

*4647 

oomprcMMor. 

atmosphere 


Vf >7 


Total received by ammonia,! 


0653 

QO$0 

*7708 

Taken from ammonia by condenser. 



jackets, 

'60H 

656 

3 SO 

406 

atmosphere 

>83 
1803 a 

*0*06 

Total taken from ammonia 

18017 

Krror, per cent 


Power, etc. ; 

Revolution* per minute 

38 . 00 

85.0 
OS - 7 


57.88 

73.6 

so. 4 


Horno-po wersteam-cylinder. 

71.7 

S 4 • 7 
0.83 

3 <l ,43 

*07 

GompreMor. 


Mechanical efflcfency 

0.83 

74 • 56 
106 

ltefrigerativo effect: 

Tong of lee (melted) In 34 hours. 

74-8 

*74 

44.64 

*07 

B.T.U. abstracted from brine per home-power minute . 







Table XXXIX gives the data and results of tests made by 
Professor Denton on an ammonia refrigerating-machine. The 





KfcKKIt;* K \ HNii MAI HIM S 


only turns requiring explanation .in- thr refrigrrative effec 
an«l t lit* tabulated trmj« rat we of thr wqmr having thecas 
denser; the latter was tak u laird by the equation 



and shows !n*th the tooling eii'rtt >4 the jacket and the error i 
assuming an adial*ati* < omprevdort. The e\|»««nent used her 
is a tfjjle smaller I leafs that **f r< juution ij. pp page 4 07, Th 
refrigerative rtir* t was obtained l»v dividing the give 

to the ammonia in a mmole by thr !i*»r »e power of the steta 
t \ Under. I’he t**n*» per horsepower in oj hours was oht&ine 
by multiplying the refrigerator rtfn t in thermal units pi 
minute by the nuinU r of mimjif, in 4 d.»v and then dtvkiin 
the |»rt«hsi t h\ ;«**> 1 1 he pounds in a short tout and by 14 
(the heat *4 melting a pound of i« «• >, The pounds of ire pt 
pound of t 0,1 1 tta » based of* a« as-muted 1 on sumption of thrt 
pound > of kmI j« f Isofse power per hour, and Was ealeulfttc 
by multiplying the j** r horn* power per minute hy (j 


ami * 1 i v iiiing by i * 1 4 p 

1 he main ilttiHiniutu of the ftui hifie Wrfc 

I'tSMiriff «.} tmiltMiiii « *»isa$j!r «> 

s t inrhtt 

SlOi|*if ,4 

,10 ** 

I Matwlo *4 *ir«m * 

t* »* 

SlfoJjr »4 »|r*m « 

jt«l # * 

»4 |4}«* f*»t «4}«a*rrt »«»>t . Mtt4r4i*rf 

a M 

|jrt4jf!lt <4 Jii|<r #t* %s»|*u» ierf 

ftetet© f«r| 

S »»»<!•«• Si!*r t 

ffiift© ** 


T mi of an Atoorptf «xt m«i hm#. The prim q*al data in 
the result'* of a ten! made hy Professor J, I\, I IrftlOf! * OR | 
absorption ammonia refrigerating *na« him- are given in Tab 
XI.. 'The m'Mthmr r* applied to * full a f**o«$ of about 400 ,<X 
« lihie feet capacity 4! a pork pa* king establishment at Me 
Haven, C*»nn. In mnnniPn with this int the s|wlfir heat < 
the brine, whs* I* >cf wd .n a «nuirr of hr.it from the tokl roo: 
to the* amnuittii, was determined by dirr* 1 * vj*eri merit, Tl 

* Pmi. $&s . .If oil , o4 *, M*», 


JLJLO Jl VJ l nuovjiu. x X a 


Seven Days’ Continuous Test, Sept. 11-18, 1888. 


. f Generator 

Average pressures] 

above atmospheres Q 00 j er 
in lbs. per sq. in. [ A ^“ ber ; 


Average tempera 
tures in Fahren--^ 
heit degrees. 


Atmosphere in vicinity of machine . . 

Generator 

T> - (Inlet 

Bnne i Outlet 

Condenser | Outlet' !!!!!!!! 

( Inlet 

( Outlet 

{ Upper outlet to generator . . 
Lower “ “ absorber . . 

Inlet from absorber 

Inlet from generator 

Water returned to main boilers from steam 
coil 


Absorber 


Average range of f Condenser 
temperature s^ Absorber . 
Fahr. degrees. (-Brine . . 


Brine circulated per 
hour. 


Cubic feet 
Pounds 


Specific heat of brine 

Cooling capacity of machine in tons of ice per day of 24 hours 
Steam consumption per hour, to volatilize ammonia, and to| 
operate ammonia pump pounds 


British thermal 
units: 


[Eliminated j Ber P° und , 0fbrine 

I l Total per hour 

Of refrigerating effect per pound of steamj 

consumption 

„ . , (At condenser, per hour .... 

Rejected j Atabsorber « 

t On entering generator 

Onkaving generator’ 

coil 

Consumed by generator per lb. of steam 
condensed 


Condensing water per hour, in pounds 

Equivalent ice production per pound of coal, if one pound of coal 

evaporates ten pounds of steam at boiler 

Calories, refrigerating effect per kilogram of steam consumed . 

Approximate c o i 1 f Condensing coil 

surface in sq. ft. \ Absorber “ 

( Steam “ * 


iso-77 

47.70 

23.69 

23.4 

80 

272 

21.2 

16.16 

S4i 

80 

80 

in 

212 

178 

132 

272 

260 

25i 

31 

5.i3 

i>633.7 

119.260 
0.800 

40.67 

1,986 

4.1 

481.260 

243 

918,000 
1, x 16,000 

1,203 

271 

932 

36,000 

17. 1 
135 
870 

35° • 

200 





It is interesting to compare the refrigeraiive riTrcts expressed in 
pounds of ice per | round of coat. Hr this basis tin* repression, 
machine tested bv Professor Denton has an at Ivan Inge of 

,54, t tj.t jrjrt tiJ | irr , ,. 0 p 

But this tomparison i» really unfair to the compression, 
machine, for ti» steam engine t*. assumed to mpiire a ennaurop- 
tum of three pounds »*f * oal per horse power per hour, while tie 
tabulation for the absorption -mat hint* is baser! on the assumption 
that 11 jHitiml of emit can evajtoratr ten }*uimK of water; hut an 
automatic condensing engine of the given power should Ire able 
to run on so or ss pounds of strain per horse power per hour. 



CHAPTER XVII. 



FLOW OF FLUIDS. 

Thus far the working substance has been assumed to be at 
rest or else its velocity has been considered to be so small that 
its kinetic energy has been neglected; now we are to consider 
thermodynamic operations involving high velocities, so that the 
kinetic energy becomes one of the important elements of the 
problem. These operations are clearly irreversible and conse- 
quently the first law of thermodynamics only is available, and if 
any clement of computation involves reference to equations that 
were deduced by aid of the second law, care must be taken 
that such computations are allowable. It is true that all prac- 
tical thermal operations are irreversible for one reason or another; 
for example, the cycle for a steam engine is irreversible, both 
because steam is supplied and exhausted from the cylinder and 
because the cylinder is made of conducting material. But all 
adiabatic operations in cylinders (which serve as the basis of 
theoretical discussions) arc properly treated as reversible and all 
the deductions from the second law may be applied to that part 
of the cycle. In particular the limitations of the discussion of 
entropy on page 32 have been observed. 

Three cases of continuous thermal operations have been 
discussed (1) flow through a porous plug, (2) the throttling 
calorimeter, (3) friction of air in pipes; to which it maybe well 
to return now. In all, the velocity of the fluid has been so small 
that its kinetic energy was neglected; in none of them was any 
reference made to equations deduced by the aid of the second 
law of thermodynamics. Rather curiously, all the operations 
were adiabatic, using the word to mean that no heat was taken 
from or lost to external objects ; in the case of transmission of air 
in pipes, this comes from the natural conditions of the case 
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4-4 


H.«*SV ni Mi nis 


urn! in the other two upend join. there was mrrftd insulatii 
from lif.ii, Norn* of l lit* operations an isuentropu ; fur instant 
l hr entropy of slam supplied its tlu t .riorum ter tin page t 
is about i .fo and tin* entropy of the superheated steam in t 
calorimeter is alwtit but this dors not mirr init» the soluti 

of ihr problem ami i*> m**re % uriou*. than useful. 

The flow of fluid* through «»ril« e* and riu/./Jen hus becoi 
even of nuire importance than formerly on <unmm of the cievelc 
men! of strum turbines, ’l ine, far all M»m|mt»it*urw have be 
baned on adiabatii at lion, and »Ih ii attempt is made to aii< 
fur frit ti«m it h »b»«* by the applh at ion of an t'Xperimcn' 
fat fur to results from uriiahutii * ompntafiofts. 

Hie following is the * ustotuar % meth«n| of establishing t 
fundamental e«|u.*tu*n. hupp**,* that a fluid is flowing frc 

the larger pipe ,! into the pipe 
» there will tlraily !*r un increase 

i iL^^^Ur celmiu, with a rcdm lion in prmu 

*%! f The fust l,*w of thi'rntcxlvntm 

re, *>. *n expressed In equation (tfi), jrage 

lien l s the addition of n term to U 
an mint of the * lunge m kmHn energy, and may In? writ 
— 4 ofT » «/H * i/A ! ; 

the \ml term in the parenthesis represents the im mur of kin< 
energy. 

I .et if be tuipfuw"*! that their h 4 In* tionlr** piston In & 
cylinder; the pi*tun in 4 nrrn the prr-vitirr |* s on the fluid 
front t»f if, and the piston in #i has t%n it the fluid preswur© 
Hath unit of weight *4 fluid jpavdng from A through she ori 
hah the work />,!’» done on it, while rath |M*und filtering 
ryltnder B dor* the work /» # v r Tin* assumption of pinions 
merely a mallrf of « onvrntrnrr, and it they air «uppFt3#ed 
name 1 ftrulitions with regard lit external wa»rk will hold. 

If the vrl*M it% in A is T t the kinetic energy *4 tine unit 

y * 

weight in that cylinder is *- ; the kinetic energy In B it * 


fur a velocity T, 



is no heat communicated to or from the fluid the sum of the 
intrinsic energy, external work, and kinetic energy must remain 
constant, so that 

E i + Px v i + + to 2 • (255) 

this is the fundamental equation for the flow of a fluid. 

If the walls of the pipes are well insulated there will not be 
much radiation or other external loss even if the pipes have 
considerable length, and in cases that arise in practice that loss 
may properly be neglected. There is likely to be a considerable 
frictional action even if the pipes are short, and the logical method 
appears to call for the introduction of frictional terms at this 
place. Such is not the custom, and a substitute will be dis- 
cussed later. 

Usually the velocity in the large cylinder A is small and the 
term depending on it may be neglected. Solving for the term 
depending on the velocity in B and dropping the subscript, 
we have 

V * 

rr "" E v ~ E* + Pt v 1 ~ to 3 • • * • (256) 

**6 

Incompressible Fluids. There is little if any change of 
volume or of intrinsic energy in a liquid in passing through an 
orifice under pressure, so that the equation of flow becomes in 
this case 

V 3 

— - (Pi ~ Pt) v i (257) 

If the difference of pressure is due to a difference of level or 
head, h, we have 

Pi — p 2 -* hd, 

where d is the density, or weight of a unit of volume, and is the 
reciprocal of the specific volume; consequently equation (257) 
reduces to 

m 

— 5®! h, (258) 

2 g 




which H I In* tOU.il e»piaU‘*ll f««I the [|nW of 4 H* JClitl thl 

small oritur. 

Flaw of Gases. — The intrinsic un r^ «*f a unit of wi 
a gas in 


which depend* only **« the * . unditmn of the gae 
changes that lour taken or nut take plate, 1 
the flow of a g<ts therefore I«i «»mei 


At thin place it ic i u Uom.it c u>. is%r thr equation 


cylinder, Now the filet that the itoenrrgi' line alii! the 
thermal line are prm th alh idenii* at tpage 0*1 duiw* ti 
perfect gas Has n« dkgrrgation energy and t **« Mr«|uc*ntty ft 
adiabatic change all the change in intrinsic energy k aval 
for doing ntitsklr work, with h in thk r*.*r k applied to increi 
tlte kinetic energy of the ga-*, »n«trad «f tiring applied it 
piston of a compressed air motor. If link analogy h all 




J 


Fig. 91. 


work of air in the cylinder of a compressed 
^ air motor (Fig. 91). The work of admission 
is p x v jj the work of expansion is by equation 
(81), page 65. 

si-en-ar-en 


and the work of exhaust is 

- p 2 v 2 = - p x v x fa 
\p 1 

so that the effective work is 

which is readily reduced to equation (261). 

For the calculation of velocities it is convenient to replace the 
coefficient p x v x in equation (261) by RT V since pressures and 
temperatures are readily determined and are usually given, thus 


V i 
2 8 


= RT -rri['-(!?j *’] • -^> 

If the area of the orifice is a, then the volume discharged per 
second is 

*V, 

and the weight discharged per second is 


aV 
w = — , 


when v 2 is the specific volume at the lower pressure and is equal 
to 



. . (263) 
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Substituting T from equation * jt * j s and r, from f.»6j) anc 

mi in ing 



The equations drdured for tltr tlmv of air apply to the floy 
from a huge * yiindrr or rrsrrvi m into a small straight tub 
through <t rounded oritne, Hu* lower pressure is the pressuri 
in the small tub* and materially from the pressure of tb 

tqiair into with h tltr tub- may deliver, In order that the floy 
nhiilt not In* mu* It alter ted In frit lion again 4 thr stiles of th 
tub* it should hr short not mote than on* r or twit r it% «liamt*tei 
Thr flow not apj*ar to hr .ub< t«-d In making the tub 
very short, amt thr degree of rounding »■« tmt imjxirtant; th 
equations for I hr flow of b«sb air ami -.tram may In* applia 
with a fair degree of approximation to oriti* r.*» in thin pktes am 
to irregular urihrrs. 

Professor Miegitrr * made a large numirf of experiments on th 
flow of air from a reservoir into thr atmosphere, with pressure 
in thr rrsrrvoii varying from Ho* mm. «4 iiu r. ury to 3366 mrc 
Hr used two different unfit one and tin* other 7.314 ran 
in diameter, hoth writ rounded at thr entrant e. 

Hr found that the pressure in the oritur, taken by means t 
a small side oritur, was 0.57^7 *4 the absolute pressure In tfc 
reservoir so long ax that pfevmre was more than twin* the sttttux 
jiherir pressure ; under mu h * otuliti*»ri» thr pressure in the on fa 
U iudrjxrttdrftt of the pressure *4 tine atmosphere, 

ff the ratio & is repined by the nut«l>rr and If * 

/*» 

feplat ni by its value 1,405 in equation t .*b-| ) we shall have ft 

the equation Un thr flow of a gas 


w 



* !t*f o*$. »*. j*. 14. t^J4- 


pressure .less than twice the atmospheric pressure Fliegner found 
the empirical equation 

w = 0.9644a y/j£. ~ P*\ # . .(266) 

where p a is the pressure of the atmosphere. 

These equations were found to be justified by a comparison 
with experiments on the flow of air, made by Fliegner himself, 
by Zeuner, and by Weisbach. 

Although these equations were deduced from experiments 
made on the flow of air into the atmosphere, it is probable that 
they may be used for the flow of air from one reservoir into 
another reservoir having a pressure differing from the pressure 
of the atmosphere. 

Fliegner’s Equations for Flow of Air. — Introducing the 
values for g and R in the equations deduced by Fliegner, we have 
the following equations for the French and English systems of 
units : 

French units. 

Pi > 2 Pa, ™ = 0 - 395^^5 

Pi < 2 p a , W - 0.790a h-lP-L—P^L, 

1 X 

English units. 

Pi > 2p a , w - 0.530a ; 

p x < 2p a , w = 1.060 a y 

p x = pressure in reservoir; 
p a = pressure of atmosphere; 

T x = absolute temperature of air in reservoir (degrees centi- 
grade, French units; degrees Fahrenheit, English units). 
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m>w or n.i'iK.s 


In the English nystrm /», and /% an- pounds per square inch, 
and n is the arm of the oritur in square inches, while w is the 
flow of air through thr oritu r in pounds per second. If desired 
the area may !«• given in square feet and thr j injures in pounds 
on the square ft H»t, as is thr common « on vent ion in thermo- 
dynamic's. 

In flu* French system a- is the flow in kilograms per second 
Thr pres .tire** may U- given itt kilograms per square metre 
and tlu* arm ti in square metres; or the arm may lie given h 
square centimetres, and the pressure** in kilograms on the sam< 
unit of area. If the pressures are its millimetre* of mercury 
multiply by *f in atmospheres, multiply by 

Theoretic*! Maxima. From a di.*t uudon of the mean velocity 
of moles isles of a gas Flirgtser deduce*. for the maximum velocity 
through an ursine 

F max — \fgK / , — 

in metric units. His ratio %4 pressure cm?**# inserted hi equ&tiot 
(JtK') gives 

V max ~ 1 7 . s V l\. 

Thr algebra ii maximum of equation (jf». t) nrrum for thi 
ratio /q -* />, ~~ 0,5^74, but thi** figure probably has no phytlca 
jdgnitkance. 

Flow of Saturated Vapor. For a mixture of 11 liquid and !t 
vaqmr equation (no!, page m, gives. 

,* t 

h * ypq 

m* that equation f j $(» i given for the adiabatic flow from a recep 
tarlr in which thr initial velui itv h *r ru 

JO | 

H 4 w, - >/, < *.**, -- */>,> + m - h v r m 

Substituting for v t and v, from 


v 


%m * m. 


q t -q 2 %tP 1 -X 2 P 2 -hAp l X l U 1 —Ap 7 pc :t U 2 + Atr{p t -p 2 ). 


/i 


~£ 


But 


A 


yi 
2 8 


p + Apu = r; 

- x 2 r 2 + q l - & + A<t ( p i - p 2 ). 


(268) 


The last term of the right-hand member is small, and fre- 
quently can be omitted, in which case the right-hand member is 
the same as the expression for the work done per pound of steam 
in a non-conducting engine, equation (143), page 136, except 
that as in that place the steam is assumed to be initially dry, x t 
is then unity. The intrinsic energy depends only on the con- 
dition of the steam, and consequently reference to the second 
law of thermodynamics first comes into this discussion with 
the proposal to compute the quality x 2 in the orifice by aid of 
the standard equation for entropy 


+ e x - 0 2 ; 

i , 1 2 

the acceptance of this method infers that the flow of steam 
through a nozzle differs from its action in the cylinder of an 
engine in that the work done is applied to increasing the kinetic 
energy of the steam instead of driving the piston. 

Values of the right-hand member of equation (268) may be 
found in the temperature- entropy table which was computed 
for solving problems of this nature. 

The weight of fluid that will pass through an orifice having 
an area of a square metres or square feet may be calculated by 
the formula 

w "■ (268) 

x 2 u 2 + 0 - 


Thc equations deduced are applicable to all possible mixtures 
of liquid and vapor, including dry saturated steam and hot 
water. In the first place steam will be condensed in the tube, 
and in the second water will be evaporated. 


receptacle, and tomes t* » rest, the energy »»! motion will In* turned 
into hr.it ami will Mi{K-rhe.it tin- '.tram. Strain blowing into the 
air will hr wrt mar I hr orihte, superheated at a littlr distance, 
and if thr air h v*«»l will show as a * loud of mi 4 further front the 

oritk r. 

Rankine** Equations. After an investigation of the experi- 
ments math' i»y Mr. K. I>. Napier «m thr flow of steam, Rankine 
torn ludrd that thr pressure in tin* *»rifite h never less than the 
pressure width gives thr maximum weight »*f di«a hurge, and 
that thr disc barge in pound* per mi »»m! mat Ur calculated by 
tin* following eropirii a I rt (nations: 

; p, 

p — or .« - p At u- — *t ; 




l 4 


in width p % is tin* pressure in tin* nwrtrif, is thr pressure of 
thr atmosphere, Intth in pounds on tin* s*juarr in* It, and u is the 

arm in stjttare im lies. 

The error of these et put Itorts s ^ liable I* * Ur a Unit two |*er rent} 
hut thr flow through a given nrilit r may la* known more closely 
if tests are mode on it at **r near thr pressure during thr flow, 
ami a %prr t*l < onstnnt is found for that «*ritw e. 

Ontholf’i Formula. F*»r pressures rxt reding five third* 
of the external of hark pressure (* radio# gives the following 
formula fur the discharge of steam through a t oft verging orifice, 


U' 


% H , jt$ *l f* " 

tin* weight I wing in grama f*rr »r*ond, the area In square tenth 
metres ami the pressure m kilograms |*rr square * mt i metre. 
Fur English units the equation l*rr»»mrs 

U‘ — O.-uf f*y itjp* *" 

the discharge Mug in |«nmds |**r scuind, the area in ifjtttre 
inches and the pressure in jtmmd* absolute fwr square inch* 
Kateau show* tliat this formula is well vrrdirtl by tm rx|«*rtmentf 



FLOW OF SUPERHEATED STEAM 


433 

on the flow of steam, and that when the pressure is less than 
that required by the formula the flow can be represented by a 
curve which has for coordinates the ratio of the back pressure 
to the internal pressure and the ratio of the actual discharge to 
that computed by the equation on the preceding page. 

The following values were taken from his curves: 


Ratio of back pressure 
to internal pressure. 

Ratio of actual to computed discharge. 

Converging orifice. 

Orifice in thin plates. 

°- 9 S 

o -45 

0.30 

0.90 

0. 62 

0.42 

0.85 

°-73 

o-S 1 

0.80 

0.82 

0.58 

75 

0,89 

0.64 

0.70 

0.94 

0.69 

0.65 

°-97 

°- 73 

0.60 

0.99 

0.77 

o -55 


0.80 

°'45 


0.82 

0.40 


0.83 


He further gives a curve for the discharge from a sharp-edged 
orifice from which the third column was taken. 

Flow of Superheated Steam. — Though there is no convenient 
expression for the intrinsic energy of superheated steam, and 
though the general equation (256) cannot be used directly, an 
equation for velocity can be obtained by the addition of a term 
to equation (268) to allow for the heat required to superheat 
one pound of steam, making it read 

v 2 P 

A - - = J t Cdt + r x + ?t - X 2 r 2 - <lv • • (269) 
The accompanying equation for finding the quality of steam x 2 is 

' T cdt ■ r - + 9 , = *£. + B, . . . (270) 


f 

Jt 


r. T + T t 


Here t and T are the thermo metric and the absolute temper- 
atures of the superheated steam, t x is the temperature of saturated 
steam at the initial pressure, and t 2 the temperature at the final 
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pressure, and the hirers r t and r } and and represent the 
n*rresjH»mlinK heat* «*f vuj«o!i.‘.4fioti and entropies uf the liquid. 

Moth equation* applv oidv it tin* steam becomes moist at the 
hover pressure, whtt h is she usual « ,n*, They may obviously 
Me modified to apph to steam t lt.it remains superheated, but 
sm h a form dors tint appear to have pra» tit a! application. 

The methotl of red to tiofj of the integrals in equation (269) 
and Uyc 4 is given on page u j; attention is railed to the fact 
that the temperature entropy table affords ready- solution of 
nptaliun t -*tHj 1, also «*f the vd»«i?y slow during which the steam 
remains suj*erhr,*red. 

Flow in Tube* anti ‘The vein* tty of air or steam 

(lowing through a to!**- or movie with a large difirreme in pressure 
is very high, rent lung >***•* feet a set t«iid in some eases; and 

consequently the rite* t of frit (ton is marked even* in short tuba 
and nozzles. A test My Hit* liner # on a straight tithe 3,5 a inches 
long ami o.tyK of at* im h internal diameter, under an absolute 
pressure of r ;*j pounds to the square im h delivered only ttboui 
c;*aj of the amount *4 steam eat* trialed In the ad ia ha l it method, 
ami the pressure m the tnUr fell gradually from pu pounds non 
the entrant e to *4.5 |*numh near file evil when delivering to i 
eundrnmr at almut atmosphere pres, sure. If there were art) 
use for an h a devitr in engineering the pfolilem would appeal 
to rail for a mrthod of tlraling with trillion resembling that or 
page jfe for flow of air in long pi|«*% Mni proUibly more difficult) 
would he fount) in gelling a salt-da* lory treatment. 

From the investigations that have Urn made 011 the flow 0 
strum through nozzle-* it apjarars that they should have a well 
rounded entrain e, the radius *4 the 1 urvr of the set iiott at entrartci 
bring half to three fourth's *4 thr diameter of the smaliet 
ml ion or throat; from the throat the ito/*dr» should (txpatu 
gradually to the exit, avoiding any rapid change of velocity 
m such a * hange is likely to roughen thr surfate where it occurs 
Thr longitudinal ml ton may well f*r u straight line Joined t< 
the enframe mti**« by a «urvr «»f long radius. Thr taper 0 

* %t *W » ♦» •» * jf * «t N»IWt fs-’t I*. J*. 4’f. 
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the cone may be one in ten or twelve; this will give for the total 
angle at the apex of the cone 5 0 to 6°; if the entrance to the nozzle 
is not well rounded there will be a notable acceleration of the 
steam approaching the nozzle and this acceleration outside of 
the nozzle appears to diminish the amount of steam that the 
nozzle can deliver. The expansion should preferably be suffi- 
cient to reduce the steam to the pressure into which the nozzle 
delivers; otherwise the acceleration of the steam will continue 
beyond the nozzle, but the steam tends more and more to mingle 
with the adjacent fluid through which it moves, and a poorer 
effect is likely to be obtained. 

If the expansion in the nozzle is not enough to reduce the 
pressure of the steam to (or nearly to) the external pressure into 
which the nozzle delivers, sound waves will be produced and 
there will be irregular action, loss of energy, and a distressing 
noise. On the other hand if the expansion in the nozzle reduces 
the pressure of the steam below the external pressure at the 
exit, sound waves will be set up in the nozzle with added resist- 
ance. This latter condition is likely to be worse than the 
former, and if the pressures between which the nozzle acts 
cannot be controlled it should be so designed as to expand 
the steam to a pressure a little higher than that against which 
it is expected to deliver, allowing a little acceleration to occur 
beyond the nozzle. 

Friction Head. — In dealing with a resistance to the flow of 
water through a pipe, such as is caused by a bend or a valve, 
it is customary to assume that the resistance is proportional to 
the square of the velocity and to modify equation (258), page 
425 to read 

h 72 4. r 72 

rl — — - -j- k — ) 

U 2 £ 

where C is a factor to be obtained experimentally. The term 
containing this factor is sometimes called the head due to the 
resistance or required to overcome the resistance, and the 
equation may be changed to 
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I ! 

n ? h : 

' r * K 

it bring understood that »>t the available head h % a certain ports 
h* is used up in overt otnsttg H'M'<Luurs ami the remainder 
used in prodming the vehnity I*. Thin aspect is well expresse 
by shifting h* to the ether side of the equation and writing 

] x - * ,v - k (■ k , >•)• 

This method ha*> been u »ed In writer* on steam turbines t 
allow for fi it tiomd amt other rt Ni^tarn e and losses. It mu ( 
be admitlrd that it is a rough am! umalidut lory method, bi 
perhaps it will serve. The value %4 > probably varies l«*twee 
o.ck amt a.i$ for flow through a single movie or set of guicj 
blades or turning btu krt*» in a strain tus bine. 

There is one different e l*etweeii the In ha v ior of water 
am elasttr fluid like air or strain that tmist U « learly underatcxx 
and kept in (ninth I rational rr-.bunte ami other resistance 
to the flow of water, transform energy into heal and that ha 
is lost, or if is is kept by the water is not available afterward 
for prtwlrn trig veto* ity ; on tin- other hand the energy whic 
is rxfwnded in overt owing frit t tonal or other resistances c 
like nature by steam or air, h * hanged into brat and remains i 
the fluid, and may I* available for nut reding ofrratiarw. 

Experiment* tm Flow of StMm. There are five ways t 
rx|#Tirornting on the flow of strain through orifu ex and nosli 
that have Iirrii applied to test the t hrurv of flow, Softie of then 
used separately or in combination, can la- made It* give valut 
of the frhtion factor v, 

Ilf Strain flowing through an or i fit e or a nozzle may h 

et»r»dr(ts#'fl and weighed, 

(Ji *rhe prrnaure at one or several m a nozzle ma 

lie measured by side offlines **r by a watching tube; the latte 
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(3) The reaction of steam escaping from a nozzle or an orifice 
may be measured. 

(4) The jet of steam may be allowed to impinge on a plate 
or curved surface and the impulse may be measured. 

(5) A Pitot tube may be introduced into the jet and the 
pressure in the tube can be measured. 

Of course two or more of the methods may be used at the same 
time with the greater advantage. It will be noted that none of 
the methods alone or in combination can be made to determine 
the velocity of the steam, and that all determinations of velocity 
equally depend on inference from calculations based on the 
experiments. 

Formerly the weight of steam discharged was considered of 
the greatest importance, as in the design of safety-valves, or in 
the determination of the amount of steam used by auxiliary 
machines during an engine-test. The first method of experi- 
menting was obviously the most ready method of determining 
this matter, and was first applied by Napier in 1869, and on his 
results were based Rankine’s equations, 

Since the development of steam turbines much importance is 
given to determination of steam velocities, though it is probable 
that the determination of areas is still the more important 
method, as on it depends the distribution of work and pressure, 
while a considerable deviation from the best velocity will have 
an unimportant influence on turbine efficiency. The first 
experiments on reaction were by Mr. George Wilson in 1872, 
but as his tests did not include the determination of the weight 
discharged they arc less valuable. 

Buchner’s Experiments. •— A number of experimenters have 
determined the weight of steam discharged by nozzles and tubes 
and at the same time measured the pressure in side-orifices at 
one or more places. The most complete appear to be those of 



i% given if* l hr al«*vr uMr smiwtmg the founding at entrant! 
Kwhiding flu rounding, the* * Uindru al j»*>rtton lw« or thi 
lim* » llu* diameter a< flu* thr< at and 4 j»|«.ir . 1 * * have hud consi 
er a hie influent r *m the di *tfihntii*»i of I hr }»frvntre. There W( 
fr«*m one to three additional ddr oritur* evenly dwtribuh 
fr**m |»rr***m' in ihr**- uriht r* Hu* hnrr make* Interesting co 
fntUtinn* * i»fu rrning flu- i«*k,»vu*f »4 the lluid in the tube, l 
I hr result* afr n«*f different from thorn* that are brought out 
the investigation* of StodoU 4 ml urr tint ttuluded in this d 
<'ttv»ttt!t' T hr tlala 4«*l remit * ffum *m I* of ihr tr*Uit*&pp( 

to l*»*4r »« mir jtrnitu jnirjum- *»< investigating ihr tlrsrharge ft 
friction *4 are given **n j*agr 4 t*j, 

St **4 rn fof these tr*l> taken front a Iftttlrf through ft M\ 
mifir wlti* h |*rol*ahly deliver**! utra m with a itM turn of 11 perei 
of firiming. I hr |trr*Mirr<t wen- all mcA.*ure«l on writ* puge 
aid of an right way i**» k. The steam from tlir nn«lr» wtic< 
derived and weighed , ll*r rtjrfifftrnirf «-*s! 8 i*i 4 lr:f» thr error C 
i» imtrrtaimy of draining 1 hr ;ii two |«*r rent, wh 

appears to I** ihr maximum error to !«* attributed t» any of 1 
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results- The discharge was also computed by GrashofPs 
equation on page 432, and the ratio to the actual discharge is 
that set down in the table; the variation from unity is not greater 
than the probable maximum error. The method of the compu- 
tation of velocities at throat and exit by the experimenter is not 
very clear, but it was made to depend on the equation (268), using 
the proper pressure and the discharge computed by GrashofPs 
equation. 

TESTS ON FLOW OF STEAM. 

I)U. KAKI, It UOUNKR. 


_ , Pressure |Kiumln it I mobile. 

Numlwr 

and 

deslgtuv I | ! 

lion. initial Throat- Exit. External 


i-aa x8a 10-1.4 25.3 

a-aa 160.5 (>1.4 at. 7 

3-aa 147.3 83.0 20.7 

4~2£i 131.3 75. t 1H.5 

5-aa 117,1 67.6 16.8 


I>l«* ofirtm.l Ratio 

Ratio of charge ... i.C, 1 of actual 

throat to pounds 1 T .Y, , i t(> com " 

initial. ix-r « l " 1 allhr «“ at exit. l)uled 
second. velocity. 


0503 tHco 3030 ©.928 

0440 'So 4 1?c> ° 3 ° ao 0,t>3 ° 

0411 • "* ^ 1820 2990 0.926 

0370 1790 2990 0.929 

0331 1780 2960 0.925 


33-2I) 180.2 92.1 16.5 14 . 1 0.5110,0494 


36-34 149.9 76.8 ar.a 

37“3 a LD -5 7° *4 *9-5 

38-311 115.7 62.0 17.4 


1940 3260 0.930 





























44 © 


H.MVV n| H t'tI*H 



steam; t lii*« might at i until fur thr *»maS! ratio uf Ihr throat tot 
initial {irosuir; the- n* »/./!«• ;b, who h had a taj« r of tribal 
shows u small rat in of throat to utsiul |»rt . .mr 

‘{‘hr must interrsting fr.it tire uf l hr tr t * is flu* ratio of t 
vrltK itv af nil. «u»»|nilrd l*y thr mrthud rtiVrmS to a I hut, fre 
list- j*rrssurr iti tSir suit- oritu r mar tlu- r \it from tin* ntts./ie, T1 
nut *ij*j*rar tu drj*-nd on S It*- throat pressure , Letvi 
out trsH on thr nu/./l* s yi and ;J* thr mont valnr of thin ratio 
a in tut o.iji with h t orrr.sj«uitl'» to a valttr v - c*.*.}. 

Rateftu'* Experiments. Thrsr tests * havr already 1)® 
referred to in oinitn lion with t ‘.rashotf i formula, They difl 
from most trsts **tt thr »li-.» harge front ortSu rs ami mi/dci 
that thr strum \v,» •> M*ndeti>rd !»> a stream of » old water whi 
formrti a j« I I omlrit srt ; thr a mount of train Was f ampul 
from thr rise of tefiijH-fatmi and tit* amount of t ««hi water U8( 
which latter was drtrrfmmd In (lowing it through an orifii 
Hr estimate* his error at something less ih.iu one §*rf rent, T 
iUMiilrr of fist » is to** luff!* - to «juo!r here , i! may hr enough 
hay that hi. diagram . show a wry great regularity in hi* mm! 
Mi that whatrvrr rffor tllrfr nut !*r is to la* attributed to i 
method, who It dors avoid. *e> hr * hums, thr uncertainty 
draining a tondrfiMf, 

JCntasd Experiments. In ordrr t«* drtrrminr thr preisi 
ill itrum-RiiMlrti *m h as air used in mje* tors, Mr, Strickland 
Ktwm* f made investigation** with a seat* hittg till**, luivinf 
htuall side orifice. I#*th when thr m».%drs Wrfe pt-rforwing tfc 
usual function in an in jet tor and thru de** barging freely il 
I hr uf fn*»*J*hrfr. fir aha* used side ofifurs !w«rrt| through 
fin/ /Ira fur ihr same j*uf|«*ar, Thr mo-4 integrating feature 
his investigation i-t that it makes fjfa* ti* ally f so difference whrtJ 
ihr discharge n free or into ihr * oiuhiniug lull*' of an inject 

♦ >**-i 1' * %}*•.» w». <***»» It it Ikytkm. 

1 /*#■ ii*l**f «mj i k*i,* » v4 In# I Its'* » & '*■**$, t-%-8 
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For a well-rounded nozzle such as is used for an injector having 
a taper of one to six, he found the following results: 


Absolute Pressure. 

Initial. Throat. 

Ratio. 

Calculated Veloc- 
ity at Throat. 

135 

.0 

0 . 606 

1407 

105 

61 .5 

0.585 

1448 

75 

4 - 

o *550 

1 4 ') 1 

45 

•M • 5 

0.54b 

1504 


Stodola’s Experiments. — In his work on Steam Turbines , 
Professor Stodola gives the results of tests made by himself on the 
How of steam through a nozzle, having the following proportions: 
diameter at throat 0.494, diameter at exit 1.45, and length from 
throat to exit 6.07, all in inches. The nozzle had the form of a 
straight cone with a small rounding at the entrance; the taper was 
1 :6.37. Pour side orifices and also a searching-tube were used to 
measure the pressure at intervals along the nozzle; the searching- 
tube was a brass lube 0.2 of an inch external diameter closed at 
the end and with a small side orifice. This orifice was properly 
bored at right angles; two other tubes with orifices inclined, 
one 45 0 against the stream and one 45 0 down stream, gave results 
that were too large and two small by about equal amounts. 

Stodola made calculations with three assumptions (1) with no 
frictional action, (2) with ten percent for the value of y, and (3) 
with twenty {ter cent; comparing curves obtained in this way for 
the distribution of pressures with those formed by experiments, 
he concludes that the value of y for this nozzle was fifteen per cent. 

Rosenhain’s Experiments. — The most recent and notable 
experiments on flow of steam with measurement of reactions 
were made at Cambridge by Mr. Walter Roscnhain.* Steam 
was brought from a boiler through a vertical piece of cycle- 
tubing to a chamber which carried the orifices and nozzles at its 
side; the reaction was counteracted by a wire that was attached 
to the chamber passed over an antifriction pulley to a scale 
pan, to which the proper weight could be added. Afterwards 
he determined the discharge by collecting and weighing steam 


* Proe, Inst. Civ, Eng,, vol. cxl, p. itjg, 
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a direct calculation cannot be made, but a curve can readily be 
determined from which the pressure can be interpolated. The 
velocities corresponding to these pressures have been taken from 
Rosenhain’s curves and the velocities were calculated also by the 
adiabatic method. Since the diagrams in the Proceedings are to 
a small scale the deduction of pressures from them cannot be very 
satisfactory, but the results are probably not far wrong. The 
table on page 442 gives the coefficient of friction obtained by 
this method. 

Lewicki’s Experiments. — These experiments were made by 
allowing the jet of steam to impinge on a plate at right angles 
to the stream, and measuring the force required to hold the plate 
in place; from this impulse the velocity may be determined. 
It was found necessary to determine by trial the distance at 
which the greatest effort was produced. One of his nozzles had 
for the least diameter 0.237 and for the greatest diameter 0.395 
of an inch or a ratio of 1.28, which is proper for a pressure of 80 
pounds per square inch absolute. His experiments gave the 
following results as presented by Buchner: 

Steam pressure 77 99 108 

Ratio of computed and ) , A ^ 

expt. velocities 1 ' ' ' °' 9 6 °- 9 6 °-955 

Coefficient of friction . . . . 0.08 0.08 0.09 

These experiments like those for reaction are liable to be vitiated 
by expansion and acceleration of the steam beyond the orifice. 

Pressure in the Throat. — Some of the tests by Buchner show 
rather a low pressure in the throat of the nozzle, but in general 
tests on the flow of steam show a pressure in the throat about 
equal to 0.58 of the initial pressure provided that the back pres- 
sure has less than ratio 3/5 to the initial pressure; this corresponds 
with Fliegner’s results and should be expected from his com- 
parison with molecular velocity on page 430. The following 
table gives results of tests made by Mr. W. H. Kunhardt * in 
the laboratories of the Massachusetts Institute of Technology: 

The excess of the throat pressure above 0.58 of .the initial 

* Transactions Am. Soc. Mech. Engs., vol. xi, p. 187. 
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The quantities just obtained are the amounts of heat that 
would be available for producing velocity if the action were 
adiabatic. In order to find the probable velocity allowing for 
friction, they should be multiplied by i — y } where y the coeffi- 
cient for friction may be taken as 0.15 for the determination of 
the exit velocity V r As for the throat velocity, there are two 
considerations, the frictional effect is small because the throat is 
near the entrance, and all experiments indicate that orifices and 
nozzles which are not unduly long deliver the full amount of 
steam that the adiabatic theory indicates; therefore we may 
make the calculation for that part of the nozzle by the adiabatic 
method. The available heats for producing velocity may there- 
fore be taken as 

43.4 and (1 — 0.15) 288.5 — 245, 
and the velocities are therefore (see page 436) 

*■ V64.4 X 778 X 43.4 =» 1480. 

V 3 a* V64.4 X 778 X 245 «■* 3500. 

The quality of steam in the throat is 

” #/ a + r i “ 855.1 + 885.9 ®» 0.967. 

To find the quality of steam at the exit we may consider that 
if x 9 ' is the actual quality allowing for the effect of friction we 
have 

r , + q x - x a ' r 9 - q t - 245 
^ ( 855.9 + 337*7 ” 245 ~ 94*3) + 1026 =» 0.833. 

Though not necessary for the solution of the problem it is 
interesting to notice that adiabatic expansion to the exit pressure 
would give for 

x 9 ™ -s- r 3 ®» 810.8 4- 1026 0.790. 

Now 500 pounds of steam an hour gives 
500 ■+• 60 0.139 




CHAPTER XVIII. 
INJECTORS. 


An injector is an instrument by means of which a jet of steam 
acting on a stream of water with which it mingles, and by which 
it is condensed, can impart to the resultant jet of water a sufficient 
velocity to overcome a pressure that may be equal to or greater 
than the initial pressure of the steam. Thus, steam from a 
boiler may force feed-water into the same boiler, or into a boiler 
having a higher pressure. The mechanical energy of the jet of 
water is derived from the heat energy yielded by the condensation 
of the steam-jet. There is no reason why an injector cannot be 
made to work with any volatile liquid and its vapor, if occasion 
may arise for doing so; but in practice it is used only for forcing 
water. An essential feature in the action of an injector is the 
condensation of the steam by the water forced; other instruments 
using jets without condensation, like the water-ejector in which 
a small stream at high velocity forces a large stream with a low 
velocity, differ essentially from the steam-injector. 

Method of Working. — A very simple form of injector is shown 
by Fig. 91, consisting of three essential parts; a, the steam-nozzle , 
b , the combining-tube , and c, the delivery-tube. Steam is supplied 
to the injector through a pipe connected at d\ water is supplied 
through a pipe at /, and the injector forces water out through the 
pipe at e. The steam-pipe must have on it a valve for starting 
and regulating the injector, and the delivery-pipe leading to the 
boiler must have on it a check-valve to prevent water from the 
boiler from flowing back through the injector when it is not 
working. The water-supply pipe commonly has a valve for 
regulating the flow of water into the injector. 

This injector, known as a non-lifting injector, has the water- 
reservoir set high enough so that water will flow into the injector 
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brluw {hr injn tor, which will hr t|r u rihrd later. 
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The heat energy in one pound of steam at the absolute pressure 
p t in the steam-pipe is 

— (x l r 1 + q t ), 

where r t and q t are the heat of vaporization and heat of the liquid 

corresponding to the pressure p x \ ~ is the mechanical equivalent 

of heat (778 foot-pounds), and x x is the quality of the steam; if 
there is two per cent of moisture in the steam, then x x is 0.98. 

Suppose that the water entering the injector has the tempera- 
ture and that its velocity where it mingles with the steam is VJ\ 
then its heat energy per pound is 


and its kinetic energy is 

V n 

v w 

2 g ’ 

where q s is the heat of the liquid at t v and g is the acceleration 
due to gravity (32.2 feet). 

If the water forced by the injector has the temperature t 4 , and 
if the velocity of the water in the smallest section of the delivery- 
tube is V w , then the heat energy per pound is 

2 ! « 

and the kinetic energy is 

V 3 

r to 

2 g 

Let each pound of steam draw into the injector y pounds of 
water; then, since the steam is condensed and forced through 
the delivery-tube with the water, there will be 1 + y pounds 
delivered for each pound of steam. Equating the sum of the 
heat and kinetic energies of the entering steam and water to the 
sum of the energies in the water forced from the injector, we 
have 

\ (*,>•, + ?,) + y (2 a> + - ( x + ?) (j i* + ~r) ( 26 9) 



The terms depending on the vrlm stirs IV and V m are ne\ 
large and t an torntimnlv U* n«>;ln t«d. 

‘Fu gi t an idea of the mllm me of the former, we may consid 
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Now, the pressure of the atmosphere is equivalent to a head 

h * ~ » i t * U.; ^ ” .U feet. 
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~K 
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— i|t 

|tui thr stea nt supplied to ait injrt tor is nearly dry and 
pound?* absolute 
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For practical purposes we may calculate the weight of water 
delivered per pound of steam by the equation 


?4 - 


This equation may be applied to any injector including double 
injectors with two steam-nozzles. 

The discussion just given shows that of the heat supplied to 
an injector only a very small part, usually less than one per cent, 
is changed into work. When used for feeding a boiler, or for 
similar purposes, this is of no consequence, because the heat 
not changed into work is returned to the boiler and there is no 
loss. 

For example , if dry steam is supplied to the injector at 120 
pounds by the gauge or 134.7 pounds absolute, if the supply- 
temperature of the water is 65° K., and if the delivery-temperature 
is 165° F., then the water pumped per pound of steam is 


r.L±lxJZJb ,, « 6 7-S. I" 3 2Ia V.T33 a , 


<h - <h 


M3- 1 ■ 33- rf > 


10.5 pounds. 


From the conservation of energy we have been able to devise 
an equation for the weight of water delivered per pound of 
steam; from the conservation of momenta we can find the relation 
of the velocities. 

The momentum of one pound of steam issuing from the steam- 
nozzle with the velocity V, is V, + g; the momentum of y 
pounds of water entering the combining-tube with the velocity 
VJ is y VJ + g; and the momentum of 1 + y pounds of water 
at the smallest section of the delivery tube is (r + y) V w 4- g. 
Equating the sum of the momenta of water and steam before 
mingling to the momentum of the combined water and steam 
in the delivery- tube, 

K + yVJ *• (t + y) V w (270) 

This equation can be used to calculate any one of the velocities 
provided the other two can be determined independently. Unfor- 
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sized by Rosenhain’s experiments, the steam will expand and 
gain velocity beyond the nozzle, if it escapes at a pressure higher 
■than the back-pressure. For an injector this last action is 
influenced by the fact that the jet from the steam-nozzle mingles 
with water and is rapidly condensed. Some injector makers 
use larger tapers than those recommended in the preceding 
chapter for expanding nozzles. The throat pressure may be 
assumed to be about 0.6 of the initial pressure; with the informa- 
tion in hand it is probably not worth while to try to make any 
allowance for friction. 

The calculation of the area at the throat of a steam nozzle by 
the adiabatic method will be found fairly satisfactory; the calcu- 
lation of the final velocity of the steam will probably not be 
satisfactory, as complete expansion in the nozzle seldom takes 
place, but it is easy to show that the velocity is sufficient to 
account for the action of the instrument. 

For example , the velocity in the throat of a nozzle under the 
pressure of 120 pounds by the gauge or 134.7 pounds absolute is 

| j- C X x r t - x 2 r 2 + - q 3 ) | * 

{2 X 32.2 X 778 (867.5 —0.967X894.6 +321. i —282*7)1* 

= 1430 feet per second, 


having for x 2 


x a 


X | U. 0 mm 0 j gsr 

\ 7 \ + 1 V 
0.967, 


r 

1.1587 


(1.0719 + 0.5032 - 0.4546) 


provided that p 2 o.6/; t 80.8 pounds absolute. 

If, however, the pressure at the exit of an expanded nozzle is 
14.7 pounds absolute, then 


and 




— — — (1.0719 0.5032 — 0.3125) =0.877, 

1.439° 


\ 2 X 32.2X778 (867.5-0.8775X966.3+321.1-180.3)}* 
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V2 X 32.2 X 5 = 18 feet. 

It cannot be far from the truth to assume that the velocity of 
the water entering the combining-tube is between 20 and 40 
feet per second. 

Velocity in the Delivery-tube. — The velocity of the water in 
the smallest section of the delivery-tube may be estimated in two 
ways; in the first place it must be greater than the velocity of 
cold water flowing out under the pressure in the boiler, and in the 
second place it may be calculated by aid of equation (271), 
provided that the velocities of the entering steam and water are 
determined or assumed. 

For example , let it be assumed that the pressure of the steam 
in the boiler is 120 pounds by the gauge, and that, as calculated 
on page 451, each pound of steam delivers 10.5 pounds of water 
from the reservoir to the boiler. As there is a good vacuum in 
the injector we may assume that the pressure to be overcome is 
132 pounds per square inch, corresponding to a head of 

6,.., " 3°5 feet. 

Now the velocity of water flowing under the head of 305 feet is 
V 2gh = V2 X 32.2 X 305 = 140 feet per second. 


The velocity of steam flowing from a pressure of 120 pounds- 
by the gauge through a diverging-tube with the pressure equal 
to that of the atmosphere at the exit has been calculated to be 
2830 feet per second. Assuming the velocity of the water enter- 
ing the combining-tube to be 20 feet, then by equation (271) 
we have in this case * 


I 


V =» 

v in 


><2SL =266 teet . 

I + IO.5 


v. + y V'J 

1 + y 

this velocity is sufficient to overcome a pressure of about 470 
pounds per square inch if no allowance is made for friction or 
losses. 

Sizes of the Orifices. — From direct experiments on injectors as 
well as from the discussion in the previous chapter, it appears 
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In trying to determine the size of the orifice in the delivery- 
tube we meet with two serious difficulties: wc do not know the 
velocity of the stream in the smallest section of the delivery- 
tube, and we do not know the condition of the fluid at that place. 
It has been assumed that the steam is entirely condensed by 
the water in the combining-tube before reaching the delivery- 
tube, but there may be small bubbles of uncondensed steam still 
mingled with the water, so that the probable density of the 
heterogeneous mixture may be less than that of water. Since 
the pressure at the entrance to the delivery-tube is small, the 
specific volume of the steam is very large, and a fraction of a 
per cent of steam is enough to reduce the density of the steam 
to one-half. Even if the steam is entirely condensed, the air 
carried by the water from the reservoir is enough to sensibly 
reduce the density at the low pressure (or vacuum) found at the 
entrance to the delivery-tube. 

If V w is the probable velocity of the jet at the smallest section 
of the delivery-tube, and if d is the density of the fluid, then the 
area of the orifice in square feet is 




w (i -f y) 
VJy ’ 


(274) 


for each pound of steam mingles with and is condensed by y 
pounds of water and passes with that water through the delivery- 
tube; w, as before, is the number of pounds of water drawn from 
the reservoir per second. 

For example , let it be assumed that the actual velocity in the 
delivery-tube to overcome a boiler- pressure of 120 pounds by the 
gauge is 150 feet per second, and that the density of the jet is 
about 0.9 that of water; then with the value of w «■ 2.78 and y 
10.5, we have 

w fi f v) 2.78 X im 
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clear water the diameter would be only 0.183 of an inch; this i 
to be considered rather as a theoretic minimum than as a prac 
tical dimension. 

Steam-nozzle. — The entrance to the steam-nozzle should b 
well rounded to avoid eddies or reduction of pressure as th 
steam approaches; in some injectors, as the Sellers’ injectoi 
Fig. 92, the valve controlling the steam supply is placed nea 
the entrance to the nozzle, but the bevelled valve-seat will no 
interfere with the flow when the valve is open. 

It has already been pointed out that the steam-nozzle ma 
advantageously be made to expand or flare from the smalles 
section to the exit. The length from that section to the end ma 
be between two and three times the diameter at that section. 

Consider the case of a steam-nozzle supplied with steam a 
120 pounds boiler-pressure: it has been found that the velocit 
at the smallest section, on the assumption that the pressure i 
then 80.8 pounds, is 1430 feet per second, and that the specifi 
volume is 5.20 cubic feet. If the pressure in the nozzle i 
reduced to 14.7 pounds, at the exit, the velocity becomes 283 
feet per second, the quality being x 2 — 0.8775. The specifi 
volume is consequently 


v 2 = x 2 u 2 + o- = 0.877 (26.66 — 0.016) -f 0.016 = 23.4 cu. ft. 


The areas will be directly as the specific volumes and inversel 
as the velocities, so that for this case we shall have the ratio c 
the areas 


5.20: 23.4) 
2830 : 1430 ) 


2.27; 


and the ratio of the diameters will be 

Vi • V2.27 = 1 : 1.5. 


Combining-tube. — There is great diversity with differer 
injectors in the form and proportions of the combining- tub( 
It is always made in the form of a hollow converging com 
■straight or curved. The overflow is commonly connected to 
space between the combining-tube and the delivery-tube; it is 
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Sellers’ injector, I* ig. 92. In the latter case the combining- and 
delivery tubes may form one continuous piece, as is seen in the 
double injector shown by Fig. 93. 

The Delivery-tube. -- This tube should be gradually enlarged 
from its smallest diameter to the exit in order that the water in it 
may gradually lose velocity and be less affected by the sudden 
change of velocity where this tube connects to the pipe leading 
to the boiler. 

It is the custom to rate injectors by the size of the delivery- 
tube; thus a No. 6 injector may have a diameter of 6 mm. at 
the smallest section of the delivery -tube. 

Mr. Kneass found that a delivery-lube cut off short at the 
smallest section would deliver water against 35 pounds pressure 
only, without overflowing; the steam pressure being 65 pounds. 
A cylindrical tube four times as long as the internal diameter, 
under the same conditions would deliver only against 24 pounds. 
A tube with a rapid flare delivered against 62 pounds, and a 
gradually enlarged tube delivered against 93 pounds. 

If the delivery tube is assumed to be filled with water without 
any admixture of steam or air, then the relative velocities at 
different sections may be assumed to be inversely proportional 
to the corresponding areas. This gives a method of tracing the 
change of velocity of the water in the tube from its smallest 
diameter to the exit. 

A sudden change in the velocity is very undesirable, as at the 
point where the change occurs the tube is worn and roughened, 
especially if there are solid impurities in the water. It has been 
proposed to make the form of the tube such that the change of 
velocity shall be uniform until the pressure has fallen to that in 
the delivery- pipe; but this idea is found to be impracticable, as 
it leads to very long tubes with a very wide flare at the end. 

Efficiency of the Injector. — The injector is used for feeding 
boilers, and for little else. Since the heat drawn from the boiler 
is returned to the boiler again, save the very small part which 
is changed into mechanical energy, it appears as though the 
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placed higher than the reservoir a special device is provided for 
lifting the water to start the injector. Thus in the Sellers’ 
injector, Fig. 92, there is a long tube which protrudes well into 
the combining-tube when the valves w and x are both closed. 
When the rod B is drawn back a little by aid of the lever H the 
valve w is opened, admitting steam through a side orifice to .the 
tube mentioned. Steam from this tube drives out the air in 
the injector through the overflow, and water flows up into the 
vacuum thus formed, and is itself forced out at the overflow. 
The starting-lever H is then drawn as far back as it will go, 
opening the valve x and supplying steam to the steam-nozzle. 
This steam mingles with and is condensed by the water and 
imparts to the water sufficient velocity to overcome the boiler- 
pressure. Just as the lever H reaches its extreme position it 
closes the overflow valve K through the rod L and the crank at R. 

Since lifting-injectors may be supplied with water under a 
head, and since a non-lifting injector when started will lift 
water from a reservoir below it, or may even start with a small 
lift, the distinction between them is not fundamental. 

Double Injectors. — The double injector illustrated by Fig. 93, 
which represents the Korting injector, consists of two complete 
injectors, one of which draws water from the reservoir and 
delivers it to the second, which in turn delivers the water to the 
boiler. To start this injector the handle A is drawn back to 
the position B and opens the valve supplying steam to the 
lifting- injector. The proper sequence in opening the valves 
is secured by the simple device of using a loose lever for joining 
both to the valve-spindle; for under steam-pressure the smaller 
will open first, and when it is open the larger will move. The 
steam-nozzle of the lifter has a good deal of flare, which tends 
to form a good vacuum. The lifter first delivers water out at 
the overflow with the starting lever at B ; then that lever is pulled 
as far as it will go, opening the valve for the second injector or 
forcer, and closing both overflow valves.. 
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In the Sellers’ injector, Fig. 92, the regulation of the steam- 
supply by a long cone thrust through the steam-nozzle is 
retained, but the supply of water is regulated by a movable 
combining-tube, which is guided at each end and is free to move 
forwards and backwards. At the rear the combining-tube is 
affected by the pressure of the entering water, and in front it is 
subjected to the pressure in the closed space 0, which is in 
communication with the overflow space between the combining- 
tube and the delivery-tube, in this injector the space is only for 
producing the regulation of the water-supply by the motion of 
the combining-tube, as the actual overflow is beyond the 
delivery-tube at K. When the injector is running at any regular 
rate the pressures on the front and the rear of the combining-tube 
are nearly equal, and it remains at rest. When the starting- 
lever is drawn out or the steam-pressure increases, the inflowing 
steam is not entirely condensed in the combining-tube as it is 
during efficient action; lateral contraction of the jet therefore 
occurs when crossing the overflow chamber, causing a reduction 
of pressure in O, which causes the tube to move toward D and 
increase the supply of water. When the starting-lever is pushed 
inward, reducing the flow of steam, the impulsive effort is 
insufficient to force a full supply of water through the delivery- 
tube, and there is an overflow into the chamber O which pushes 
the combining-tube backwards and reduces the inflow of water. 
The injector is always started at full capacity by pulling the 
steam- valve wide open, as already described; after it is started 
the steam-supply is regulated at will by the engineer or boiler 
attendant, and the water is automatically adjusted by the movable 
combining-tube, and the injector will require attention only 
when a change of the rate of feeding the boiler is required on 
account of either a change in the draught of steam from the 
boiler, or a change of steam-pressure, for the capacity of the 
injector increases with a rise of pressure. 

A double injector, such as that represented by Fig. 93, is to a 
certain extent self-adjusting, since an increase of steam- pressure 
causes at once an increase in the amount of water drawn in by 
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cooled by the water from the feed-supply, and will then work 
usual. If air leaks into the suction-pipe or if there is any 
other interference with the normal action, the injector wastes 
water or steam till normal conditions are restored, when it 


starts automatically. 

Exhaust Steam Injectors. — Injectors supplied with ex- 
haust-steam from a non-condensing engine can be used to 
feed boilers up to a pressure of about 80 pounds. Above 
this pressure a supplemental jet of steam from the boiler must 
be used. Such an injector, as made by Schaffer and Buden- 


berg, is represented by Fig. 96; when 
used with low boiler-pressure this in- 
jector has a solid cone or spindle in- 
stead of the live-steam nozzle. To 
provide a very free overflow the com- 
bining- tube is divided, and one side is 
hung on a hinge and can open to give 
free exit to the overflow when the 
injector is started. When the injector 
is working it closes down into place. 
The calculation for an exhaust-steam 
injector shows that enough velocity 
may be imparted to the water in the 
delivery-tube to overcome a moderate 
boiler-pressure. 



For example , an injector supplied with steam at atmospheric 


pressure, and raising the feed-water from 65° F. to 145 0 F., 


will draw from the reservoir 


„ _ r < + £1 - zt _ 966.3 + 180.3 - 113.0 
* H3-0-33-I 9 

pounds of water per pound of steam. In this case as the- steam- 
nozzle is tonverging we will use for computing the velocity the 
pressure 

0.6 X 14.7 = 8.8 pounds. 
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the boiler with an exhaust steam injector will result in fouling 
the boiler. 

Water-ejector. Fig. 07 represents a device called a water- 
ejector, in which a small stream of water in the pipe M flowing 
from the reservoir R raises water from the reservoir R" to the 
reservoir R'. 

Let one pound of water from the reservoir R draw y pounds 
from R"i and deliver i f y pounds to R f . Let the velocity of 
the water issuing from A he vj that of the water entering from 
R" he v t at N; and that of the water in the pipe O be v v The 
equality of momenta gives 

v 4 yv t (r 4 y) v t (275) 

Let .v be the excess of pressure at M above that at AT expressed 
in feet of water; then 

*‘ a 3 ■* 2 fl x > 

v :i ’ iff (II + x)) 

V* '*• 2g (h + x) 

Substituting in equation (375), 

y/Ji 4- .v f y y/x (t + y) *Sh + x; 

v 7 / f .v - y/h + x , f \ 

y «■* - * • • (276) 

Vh 4 * x — Vs? 

It is evident from inspection of the equation (276) that y 
may be increased by increasing x; for example, by placing the 
injector above the level of the reservoir so that there may be a 
vacuum in front of the orifice A, 

G 

If the weight G of water is to be lifted per second, then ~ 

pounds ia*r second must pass the orifice A, G pounds the space 

at AT, and 4* G pounds through the section at 0; which, 

with the several velocities v, v v and v v give the data for the 
calculation of the required areas. 
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Ejectors are commonly fitted in steamships as auxiliary pumps 
in case of leakage, a service for which they are well fitted, since 
they are compact, cheap, and powerful, and are used only in 
emergency, when economy is of small consequence. 

Ejector-condensers. — When there is a good supply of cold 
condensing water, an exhaust-steam ejector, using all the 
steam from the engine, may be arranged to take the place of 
the air-pump of a jet-condensing engine. The energy of the 
exhaust-steam flowing from the cylinder of the engine to the 
combining-tube, where the absolute pressure is less and where 
the steam is condensed, is sufficient to eject the water and the air 
mingled with it against the pressure of the atmosphere, and thus 
to maintain the vacuum. 

For example , if the absolute pressure in the exhaust-pipe is 2 
pounds, and if the temperatures of the injection and the delivery 
are 50° F. and 97 0 F., then the water supplied per pound of 
steam will be about 20 pounds. If the pressure at the exit of 
the steam-nozzle can be taken as one pound absolute, the velocity 
of the steam-jet will be 1460 feet per second. If the water is 
assumed to enter with a velocity of 20 feet, the velocity of the 
water- jet in the combining- tube will be 88 feet, which can over- 
come a pressure of 50 pounds per square inch. 


CHAPTER XIX. 
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and such a head will give a velocity of 

V ^ v 2 X 32.2 X 376 — 156 feet per second. 

But so great a hydraulic head or fall of water is seldom, if ever, 
applied to a single turbine, and would be considered inconvenient. 
One hundred feet is a large hydraulic head, yielding a velocity 
of Ho feet per second, and twenty-five feet yielding a velocity of 
40 feet per second is considered a very effective head. 

If heads of 300 feet and upward were frequent, it is likely 
that compound turbines would be developed to use them; except 
for relatively small powers, steam-turbines are always compound, 
that is, the steam Hows through a succession of turbines which 
may therefore run at more manageable speeds. 

The great velocities that are developed in steam turbines, 
even when compounded, require careful reduction of clearances, 
and although they are restricted to small fractions of an inch 
the question of leakage is very important. Another feature in 
which steam turbines differ from hydraulic turbines is that 
steam is an elastic fluid which tends to fill any space to which it 
is admitted. The influence of this feature will appear in the 
distinction between impulse and reaction turbines. 

Impulse. — If a well formed stream of water at moderate 
velocity flows from a conical nozzle, on a flat plate it spreads 
over it smoothly in all directions and exerts a 
steady force on it. If the velocity of the stream 
Is V l feet per second, and if w pounds of water are 
discharged per second, the force will be very p)j 
nearly equal to 


Here we have the velocity in the direction of the jet changed 
from V t feet per second to zero; that is, there is a retardation, or 
tive acceleration, of V x feet per second; consequently the’ 
t is measured by the product of mass and the acceleration, 
ing the acceleration due to gravity, A force exerted by a 



NTKAM irHlUNKS 



474 

Lh import an! to keep dearly in min* i that wo art' dealing wii 
veltH ity* diange of velocity nr at i deration, anti force, and thi 
the have it, measured in the natal tv a % . Pin* use of a sped 
name for the force ivlti* It is developed in thin way is unfortuna 
hut it i s loo Well established to hr Strglrt ted. 

If the plate *»r vane, instead «»f remaining at rest, moves wi 
the velocity of V fret |«*r *ec«nd, the t hangr in velocity or negati 
acceleration wall la* \\ V fert per set ond, and the force 
impulse will Ice 

/■-“‘o', n. 

c* 

This hirer in one set »m*l will mow* the distance Y fret and w 

do the work 

“ o', nr- * r, r i s 

K 4 * 

foot fKiund’*. 

hitler the vane would so<«n move bet ond the range of the} 
it would he net rv«m , iii order to obtain » ontiurious action on 
motor, it* provide „* on » e*-4oii of vatic*, with |j might hr mount 
on the rim of a w fieri, There would Ik*, in ton sequence, was 
of energy tine to the motion *4 i hr varies in a drde and 
splattering and oilier im|*erfr« t a* lion. 

If the velocity of the jrt of wafer is high si would fail to spit 
fairly over the plate in Fig. ««, when it is at rest, and a tru 
motor «f the sort mentioned would show a very poor efhdeni 
Mow steam has rctredingly high vd«*s tty when discharged fit 
a noa/.le, ami the jet is more easily broken, so that ml verse Inf 
t* rue's leave even a worse effect than on water, and there is t 
greater reason for following methods wht* h trrsd to avoid was 
Also, as |w>inlrd out on page ,p$,§ ( the no/dr must In* so formed 
!» expand the strain down to the l*a« k pressure, or rxpMil 
wilt continue beyond tit** noadr walls further act rleralion of f 
steam under unfavorable conditions. 

It h easy to dii»w that the br-4 efficiency *4 the simple teti 
of a jrt on a vane, tv hi* li we have disc uvtetl. will lie obtained 
making the velocity V of the tarn* half the vrlodty \\ of the j 
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For if we differentiate the expression (276) with regard to F' 
and equate the differential coefficient to zero we shall have 

V i — 2 F 5=3 o 5 F *'» ^ Fj j 

and this value carried into expression (276) gives for the work 
on the vane 


but the kinetic energy of the jet is 


so that the efficiency is 0.5. 

If the flat plate in Fig. 99 be replaced by a semi-cylindrical ' 
vane as in Fig. 99a, the direction of the stream will be reversed, 
and the impulse will be twice as great. If the 
vane as before has the velocity V the relative 
velocity of the jet with regard to the vane will jj 

be 

Fj ««. Y Fio. pp ft , 

and neglecting friction this velocity may be attributed to the 
water where it leaves the vane. This relative velocity at exit 
will be toward the rear, so that the absolute velocity will be 

V - (F, - F) » 2F ~ F,. 

The change of velocity or negative acceleration will be 
F, - (aF - F,) - a (F, - F), 
and the impulse is consequently 

P --.a (V, - V). 

i? 

The work of the impulse becomes 

- .3 (V. - V) V - a - (VJ - V») . . (277) 
8 8 
The maximum occurs when . 

d / tr tri \ tr „ 1 T/ — T/ __ 1 T/ 


476 STEAM-TURBINES 

But this value introduced in equation (277) now gives 


I^y 
2 g 


2 

1 > 


which is equal to the kinetic energy of the jet, and consequently 
the efficiency without allowing for losses appears to be unity. 

Certain water-wheels which work on essentially this principle 
give an efficiency of 0.85 to 0.90. The method in its simplest 
form is not well adapted to steam turbines, but this discussion 
leads naturally to the treatment of all impulse turbines now 
made. 

Reaction. — If a stream of water flows through a conical 
nozzle into the air with a velocity F x as in Fig. 100, a force 

* - 7 V, (278) 

will be exerted tending to move the vessel 

— from which the flow takes place, in the 

— I contrary direction. Here again w is the 

—I weight discharged per second, and g is the 

acceleration due to gravity. The force R 

' Fig. too. is called the reaction, a name that is sc 

commonly used that it must be accepted. 
Since the fluid in the chamber is at rest, the velocity V l is thal 
imparted by the pressure in one second, and is therefore ar 
acceleration, and the force is therefore measured by the producl 
of the mass and the acceleration. However elementary this maj 
appear, it should be carefully borne in mind, to avoid future 
confusion. v 

If steam is discharged from a proper expanding nozzle, whicl 
reduces the pressure to that of the atmosphere, its reaction wil 
be very nearly represented by equation (278), but if the expansior 
is incomplete in the nozzle it will continue beyond, and th( 
added acceleration will affect the reaction. On the other hand 
if the expansion' is excessive there will be sound waves in th< 
nozzle and other disturbances. 
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The velocity of the jet depends on the pressure in the chamber, 
and if it can be maintained, the velocity will be the same rela- 
tively to the chamber when the latter is supposed to move. The 
work will in such case be equal to the product of the reaction, 
computed by equation (278), and the velocity of the chamber. 
There is no simple way of supplying fluid to a chamber which 
moves in a straight line, and a reaction wheel supplied with 
fluid at the centre and discharging through nozzles at the cir- 
cumference is affected by centrifugal force. Consequently, 
as there is now no example of a pure reaction steam turbine, it 
is not profitable to go further in this matter. It is, however, 
important to remember that velocity, or increase of velocity, is 
due to pressure in the chamber or space under consideration, 
and is relative to that chamber or space. 

General Case of Impulse. — In Fig. 101 let ac represent the 
velocity V x of a jet of fluid, and let V represent the velocity of a 
curved vane ce. Then the 
velocity of the jet, relative 
to the vane is V 2 equal 
to be. This has been drawn 
in the figure coincident 
with the tangent at the end 
of the vane, and in general 
this arrangement is desir- 
able because it avoids 
splattering. 

If it be supposed that 
the vane is bounded at 
the sides so that the steam 
cannot spread laterally and 
if friction can be neglected, 

.assumed to equal V 2 . Its direction is along the tangent at 
the end e of the vane. The absolute velocity V 4 can be found 
by drawing the parallelogram efgh with ef equal to V, the 
velocity of the vane. 

The absolute entrance velocity V x can be resolved into the 



the relative velocity V 9 may be 
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two comjHuirnt* « ti anti it, at right angles to ant! along tin- direc- 
tion of motion of the vane. Thr former may lw* called the 
velocity of flow, I/, amt tin- latter the vrlm ilv of whirl, J f „. 
In like manner tin* absolute exit velocity may He resolved into 
the rk amt kg, which may He called the exit velocity 

of whirl IV, and the exit velocity of flow, {*/. 

The kinetic energy corresponding to the absolute exit velocity 
\\ h the lost or re jet let l energy of the combination of jet unci 
vane, and for good efluiemy should Hr made small. The exit 
velocity of whirl in genera! serves no good pijf$»o*e and should 
be marie aero to obtain the Inst results. 

The change in the velotity of whir! is the retardation or nega- 
tive acceleration that determines the driving force or impulse; 
and the change in the velocity of flow in like manner produces 
an impulse at right angles to the motion of the vane, which la 
a turbine in felt m a thrust on the shaft. 

Let the angle md which the jet makes with the line of motion 
of the vane be represented by at, and let $ and y represent the 
angles bed and tek which the tangents at the entrance and exit uj 
the vane make with the same line. 

The driving impulse u m general equal i« 

/* -*’rr. - iv) ; (ml 

X 

and the thrust U equal to 

e-~0',-»y> (ate) 

i 

whkh may be written 

T - ai (V % sin « V\ sin y§ , , , (*8i j 

g 

If there h no velotity of whirl at the exit the impulse become* 

/» _ d I* r**'* If ....... (a8jj 

K 

The work delivered to the vane §*rr mum! is 



t v* 

>■ 

<j tr, 5*’ s '» 

? 
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and since the kinetic energy of the jet is wVp 
ciency is 

V 

e — 2 — cos a . . . . 
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2 g the effi- 
. . (284) 


To find the relations of the angles a, p, and 7, we have from 
inspection of Fig. 102 in which el is equal to ef } 

V t sin a ~ V 2 sin p (285) 

V = V 2 cos 7 . (286) 

V = V x cos a — V 2 cos /?; 

from which 

■ Tr T/ SHI a or r sin a cos 7 

V l cos a- F t — - - cos P = Fj 


and 


•sin p ~~ r ' 1 sin /? 
sin /? cos « — cos /? sin a: = sin a cos 7 

sin (/3 — a) = sin a cos 7 

The equations given above may 


(287) 


I 




V« 


be applied to the computation 
of forces, work, and efficiency 
when w pounds of fluid are dis- 
charged from one or several noz- f] 

zles and act on one or a number 
of vanes ; that is, they are directly 
applicable to any simple impulse 
turbine. 

Example. Let V v the velocity 
of discharge, be 3500 feet per 
second as computed for a nozzle Fig - loa - 

on page 444, and let a — 7 = 30°. By equation (287) 

sin (/? — a) = sin a cos 7 = 0.5 X 0.866 = 0.433. 
/? — a = 25 40'; P = 55° 40' 

, r T7 sin a 0.5 

V — F 2 cos 7 = 2020 X 0.866 = 1750 
e — 2 X 1750 X 0.866 -2- 3500 — 0.866. 


nTKA« i t HiUNJ .h 


Axial Thrust. 



IW. N*|. 


Hu- builder** * *f impulse .steam turl 
attribute imu h im|«*rt;i.iu 
avoiding avial thrust, whn - \ 
Ih- done In making the entt 
it ini evil angles *4’ tin* \ 
njutl, provided that fri 
and other redstart* rs hi 
rtegle* tnl. This is evident 
r»jtjy!i«»n tditoi, 
j j is made rtju.tl to J art' 
e«pul I** I’j, an* I al%u thy 
■.its *s is frpksu rd by I", .si 
< )t the same i oIH llisjori f|| 
straw n front Fig. otj U-t, 

ill this iasr 


at — r, sin tt — V-, 


>iu # — I , -»m y — hi. 


ami *«m?*e*|urrit!y there b m» «*b! retardation, 

Thr sir Laval turbine him only one srt of ao.*drs with ft v% 
the steam at otter to flu* Uu k pressure, amt % **» »«*« jurntl) 
veU* itv of thr vanes is very high ami rvm with small w 
it is dith* ult l»* lialame tlit’iti vatblbu foriH . This diffit ul 
Hie! by l hr use of a fleublr shaft, an* I t t»nu'*jurntly it vial l: 
it likely to ttr troublesome; ns a matter of fat t the turbine 
arranged tbit thr a dal for*** i if there b any) shall lr a 
The important r of avoiding axial tltrw '4 in other tyj «-** «»f imi 
turbines d**ra not n|»jriir to lie «i great, and in some rimes 
thrust may l«* an advantage, for example in marine pruptik 
If y b made npiiil to /# in r*|Uitlt**t) (48 7 I wr have 


sin ^ o« *« — lm jf !*iti n — sin *x mr Jl 


, tot pf — | s ot *» , , , . , I 


and from insjm tion of Fig. m 3 it b rtidrnt that V is half*: 

veli« tty of whirl or 


r — | T } on »t 



DESIGN OF A SIMPLE IMPULSE-TURBINE 


481 


If this value is carried into equations (283) and (284) the 
work and efficiency become 

W ** i ~ V* cos 2 « (290) 

and 

g aa COS 2 CX ( 2 9r ) 

This freedom from axial thrust appears to be purchased 
dearly unless the accompanying reduction of velocity of the 
wheel is to be considered also of importance. 

Example . If as in the preceding case the velocity of discharge 
is 3500 feet per second, and if a is 30°, we have now the following 
results, 

cot /9 :<<=» | cot cx ■** Jj X 1.732 ** 0.866 /? =» 49 0 10' 

V ® | F, cos <x ^ x 3500 X 0.866 *» 1515 
e cos 3 30° 0.75. 

Effect of Friction. The direct effect of friction is to reduce 
the exit velocity from the vane; resistance due to striking the 
edges of the vanes, splattering, and other irregularities, will 
reduce the velocity both at entering and leaving. The effect of 
friction and other resistances is two-fold; the effect is to reduce 
the efficiency of the wheel by changing kinetic energy into heat, 
and to reduce the velocity at which the best efficiency will be 
obtained. There does not appear to be sufficient data to permit 
of a quantitative treatment of this subject. Small reductions 
from the speed of maximum efficiency will have but small effect. 

The question as to what change shall be made in the exit 
angle (if any) on account of friction will depend on the relative 
importance attached to avoiding velocity of whirl and axial 
thrust. If the latter is considered to be the more important, 
then 7 should be made somewhat larger so that the exit velocity 
of flow may be equal to the entrance velocity of flow. But if it 
is desired to make the exit velocity of whirl zero, then 7 should be 
somewhat decreased. 

Design of a Simple Impulse Turbine. — The following compu- 
tation may be taken to illustrate the method of applying the 
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foregoing discussion to a simple impulse turbine of the de Laval 
type. 

Assume the steam-pressure on the nozzles to be 150 pounds 
gauge and that there is a vacuum of 26 inches of mercury ; required 
the principal dimension of a turbine to deliver 150 brake horse- 
power. 

The computation on page 444 for a steam-nozzle under these 
conditions gave for the velocity of the jet, allowing 0.15 for 
friction, V 1 — 3500 feet per second. The throat pressure was 
taken to be 96 pounds absolute, giving a velocity at the throat 
of 1480 feet per second. The dryness factor was 0.965 at the 
throat; at the exit this factor was 0.833 for 0.15 friction and for 
adiabatic expansion was 0.790. 

The thermal efficiency for adiabatic expansion with no allow- 
ance for friction or losses whatsoever, as for an ideal non-con- 
ducting engine, is given by equation (144) page 136 as 


_ x 3 r s 810.8 

6 ~ T ~ r t + q t -q 3 ~ * 856.0 + 337.6 - 94.3 

the corresponding heat consumption is 

42.42 -5- 0.262 = 162, 


0.262; 


by the method on page 144. 

Let the angle of the nozzle be taken as 30° as on page 481, 
then the angle becomes 49 0 10', the efficiency is 0.75 and the 
velocity of the vanes must be 1515 feet per second. 

Suppose that ten per cent be allowed for friction and resistance 
in the vanes, and that the friction of the bearings and gears is 
ten per cent; then, remembering that 0.15 was allowed for the 
friction in the nozzle, and that the efficiency deduced from the 
velocities is 0.75, the combined efficiency of the turbine should 
be 

0.262 X 0.75 X 0.85 X 0.9 X 0.9 = 0.135; 
which corresponds to 


42.42 -f- 0.135 = 3 J 4 B.T.U. 
per horse-power per minute. 
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Now it costs to make one pound of steam at 150 pounds by 
the gauge or 165 pounds absolute, from feed water at 126° F. 
(2 pounds absolute) 

r i + Ql ~ $2 = 856.0 4 - 337.6 - 94.3 = 1099 B.T.U., 
consequently 314 b.t.u. per horse-power per minute correspond 

314 X 60 ■£■ IO99 = 17-2 
pounds of steam per horse- power per hour. 

The total steam per hour for 150 horse-power appears to be 

150 X 17.2 = 2580. 

If the nozzle designed on page 444 be taken it appears that 
five would not be sufficient, as 
each would deliver only 500 n 1050 
pounds of steam per hour. But 
if allowance be made for a mod- || 
erate overload, six could be 
supplied. 1 

Not uncommonly turbines of 
this type are run under speed as 
a matter of convenience. Sup- 
pose, for example, the speed of 
the vanes is only 0.3 of the 
velocity of whirl, instead of 
0.5; that is, in this case take 

XT Fig. 104. 

V = 1050. 

This case is represented by Fig. 104, from which it is evident 
that 

V/ = V/ = ai = sin 30° = 3500 X 0.5 = 1750 

V„ — V x cos 30° = 3500 X 0.866=3030 
tan /? = ai -f- id = 1750 -*■ (3030 — 1050) = 0.884 
P = 4i° 3°'- 

The two triangles aid and elh are equal, and 
le = id — 3030 — 1050 = 1980; 
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consequently the exit velocity of whirl is 

W/ — ek = 1050 — 1980 = — 930. 

Consequently the work delivered to the vane is 


-[ 3 ° 3 ° “ (~ 93 °)] I0 5 0== ~ 39 6 ° X I0 5 ° 
S o 


, w 

410000 — 

g 


But the kinetic energy is wV * -5- 2 g, so that the efficiei 
4x6000 X 2 -r 3500 2 = 0.68. 

The combined efficiency of the turbine therefore becomes 
0.262 X 0.68 X 0.85 X 0.9 X 0.9 = 0.123 
instead of 0.135; and the heat consumption becomes 
42.42 -f- 0.123 = 345 B.T.u. 

per horse-power per minute ; and the steam consumption inci 


345 X 60 -f- 1099 = 

pounds per horse-power per hour. The total steam per 
appears now to be about 

18.7 X 150 = 2800, 


so that six nozzles like that computed on page 444 would 
only a margin for governing. 

If the turbine be given twelve thousand revolutions per m 
the diameter at the middle of the length of the vanes will b 


D = 1050 X 12 X 60 v ( 3 -i 4 X 12000) == 20 inches, 


The computation on page 444 gave for the exit cliamet 
the nozzle 1.026 inches, and as the angle of inclination t< 
plane of the wheel is 30°, the width of the jet at that 
would be twice the exit diameter or somewhat more, due t 
natural spreading of the jet. The radial length of the 1 
may be made somewhat greater than an inch, perhaps iiV in 
The circumferential space occupied by the six jets will be i 
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i inches out of 62.8 inches (the perimeter), or somewhat less 
than one-fifth. The section of the nozzle is shown by 
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Fig. 105, ami the form of the vanes may be like Fig. 106. 
In this ease the thickness of n vane is made half the space 
from one vane to the next, or one-third the 
pitch from vane to vane. The normal width 
of the passage* is made constant, the face of one 
vane and the back of the next vane being struck 
from the same centre. The form and spacing 
of vanes can be determined by experience only 
and appears to depend largely on the judgment 
of the designer. In deciding on the axial width 
of the vanes it must Ik* borne in mind that 
increasing that width increases the length and therefore the 
friction of the i*assage; but that on the other hand, decreasing 
the width increases the curvature of the passage which may be 
equally unfavorable. Sharply curved passages also tend to 
produce centrifugal action, by which Is meant now a tendency to 
crowd the fluid toward the concave side which tends to raise 
the pressure there, and decreases it at the convex side. Mr. 
Alexander Jude,* her a particular case with a steam velocity of 
tews feet |K*r second, computes a change of pressure from 100 to 
107.1 jKtunds on the concave side and a fall to 93.4 on the convex 
side. Even if this case should upjKatr to be extreme there is no 
question that sharp curves are to be avoided in designing the 
steam passages. 

T acts on a do Laval Turbine. — The following are results of 

. . 1 , , » » » r . _ f A !V/f 
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Velocity Compounding. — In Fig. 107, let V t represent the 
velocity of a jet of steam that is expanded in a proper nozzle 
down to the back-pressure. 

Suppose it acts on an equal- [L**. 
angled (/? = 7) vane which has j 
the velocity 7 . The relative j \ 
velocity at entrance to that j \ 

vane is 7 2 and this velocity rr" Pr ] v 

reversed and drawn at V a may j ’ 

represent the exit velocity, i 

neglecting friction. V 4 is the j 

absolute velocity at exit from ^ 

the vane, which may be re- 

versed by an equal-angled 

.stationary guide, and then — - — 

becomes the absolute velocity 

7 / acting on the next vane. s' / * 

The diagram of velocities for 
’the second moving vane is ^ \\ rt 

composed of the lines lettered \ \! 

7 /, 7 /, 7 / and 7 /; the A \ 

last of these is reversed by a -^2-V- -* A 

stationary guide, and the / 

velocities of the third vane are j v * 

7 /', 7 a ", V a " and 7 4 ". The / 

diagram is constructed by v - ^ 

dividing the velocity of whirl Fic * la > 

V w — V t cos a 

into six equal parts, and the final exit velocity 7 4" is vertical, 
indicating that there is no velocity of whirl at that place. 

It is immediately evident, since the velocity of flow is unaltered 
in Fig. 107, and since there is no exit velocity of whirl that the 
efficiency neglecting friction is the same as for Fig. 103, namely 

e = cos 2 a 

.as given by equation (291) page 481. 
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It h condt h*red that thin type- of turbine cannot be made to 
gjvr good rtl'u i envy in practice on account of large losses in passing 
through a t»ut 1 1 ssion of vanes and guides, especially as the steam 
in the earlier stages has high velocities. The turbine, however, 
has certain advantages when used as a backing device for a 
marine-turbine, in that it may be very compact, and can be placed 
in the low pressure or exhaust chamber, so that it will experience 
hut little resistance when running idle during the normal forward 
motion of the ship. 

In dealing with this problem it is convenient to transfer the 
construction to the combined diagram at abi, Fig. 107; diagrams 
for guides like that made up of the velocities V s , V A and V x being 
inverted for that purpose. It is clear that the absolute velocities 
at exit from the nuzzle and the guides are represented by V v V/ 
and F while the relative velocities are V v F,' and F" which 
with no axial thrust are equal to V p F/ and V”, The absolute 
Velm ity at entrance to a given guide is taken as equal to the abso- 
lute velocity at exit from the preceding vane, thus Vft is equal 
to F 4 , etc. The lust absolute velocity V " is equal to ai the 
constant velocity of flow. 

The angles «, ft, ft x , *t 3 and ft % are properly indicated as may 
be seen by comparing the original with the combined diagram. 

If the diagram is accurately drawn to a large scale, the velocities 
and angles cun be measured from it, or they may readily be 
calculated trigonometrically. Thus 


a Hitt « . sin m . 

I m ft ** tan «, -« r— etc., 

I com tt 1 I cos a 


F, - V x »in n ejneer ft\ V{ ** F, sin « cases a v etc. 


1*lie rati k l length of the vanes and guides must be increased 
inversely proportional t» the velocities, using relative velocities 
for the vanen and absolute velocities for the guides. 

There 4 1»| war* to be no reason why the guides should be 
relieved front axial threw! provided they can be properly sup- 
I tor ted. 
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and a*' the intrinsic energy of tlu* jet is 
i , ■ j «oo - - 


6125000' 


thr eO'niemA of this arrangement without losses and friction 

uj*fHWf s to be 

*17 1 6125 * o.t;a. 

Effect of Friction. Tim effect of friction is to change some 

of the kim tii energy into heat, thereby reducing the velocity and 
at the ‘ante time drying the steam and increasing the specific 
volume so that the length of the guides and vanes must be 
ini reasetl at a somewhat larger ratio than would otherwise be 
required. 

A meth»«i of allowing fur frit lion is to redraw the diagram of 
Fig. 107, shortening the lines that represent the velocities to 
allow fur frit lion, 

1st order to bring out the method clearly an excessive value 
will l*e assigned to ihe t tielfu ient for friction, namely, y o.iy, 
so that the equation for velocity may have for its typical form 

F u x ag/i ti v ) -** oaj v / 2g/t. 

' " ' 4 » . 1 . 

r 
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In Fig. no an attempt is made to avoid axial thrust on 
the vanes, and at the same time to retain a fair efficiency 
by making the 
delivery angle of ^ 
the guides constant. 

A calculation like 
that on page 492 
indicates that an 
efficiency of 0.76 
might be expected 
in this case. It is 
quite likely that 
in practice there Fl0 . 11Q< 

might be difficulty 

in making the delivery angle of the guide as small as 30°, 
but it appears as though the common idea that it is practically 
impossible to make an economical turbine on this principle is 
not entirely justified. ^ 

Pressure Compounding. — The second method of compounding 
impulse turbines with a number of chambers each containing 
a single impulse wheel like that of the de Laval turbine requires 
a large number of stages to give satisfactory results. For sake 
of comparison with preceding calculation we will take the 
same initial and final pressure and the same angle for the nozzles, 
namely, 150 pounds by the gauge and 26 inches vacuum, and 
a — 30°. 

Nine stages in this case will give approximately the same 
speed of the vanes as in the problem on page 490. The temper- 
ature-entropy table which was made for work of this nature 
is most conveniently used with temperature, and in this case the 
initial and final temperature can be taken as 366° F. and 126° F. 
At 366° F. the steam is found to be nearly dry for the entropy 
1.56 and that column will be taken for the solution of this 
problem. The heat contents is 1193. 3 instead of 1193.6 as 
found for 366° F. in Table I of the “ Tables of Prop- 
erties of Steam.” On the other hand the table gives at 
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PRESSURE COMPOUNDING ^ 

This will give fur the available heat for each chamber 8 
thermal units, ami using as before y 0 ,i we shall have 

x -* X X 778 X 8 X 0.9 « 600 

feet per second. With tt - % to° the velocity of whirl is now 520 
feet amt the velocity of the vanes ns stated is 260 feet per second. 

The next question in the discussion of this turbine is the 
distribution of pressure. If the coefficients for friction and 
either losses are taken to he constant, then the pressure can be at 
once determined by the adiabatic method. 

in the problem already discussed 33 n.T.u. are assigned to 
cat h stage, ami if litis figure be subtracted nine times in succes- 
sion from the heat contents 1 104 at ilu* initial temperature we 
shall have the values which may be used in determining the 
intermediate tenqmra lures from the temperature-entropy table. 
Also from that table or from Table I in the “Tables of 
Properties of Steam,** the corresponding pressures can be 
determined, The work is arranged in the following table: 

DtSTKtmrnoN Of** PRESSURE. 

: »4 ** N | I t’Trs.urrs rtlwiluir. ItUilas! erf pressures. 
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STIUtl rt'KIUNK* 


To determine the of the no judes ur the pi v-Mgr* m thii 

guides it in net **>%iry to estimate thr tjoaiiu of Stir steam in 
order to find thr volume. T«* do sh« wr may consider 

that, of thr hiilt supplied fo 14 certain stagr of ihr turbine, a 
portion is changed into work on thr turbine vanw, s*»inr part is 
radiated, and the remainder b in the steam that flows from the 
chamber of that stage; if there in appreciable leakage, s|*rrkl 
account must hr taken of it, but radiation and trakage 

can be left at one shir for the present , 

Now in the casr under consideration, p thermal imiin were 
assigned to each stage in the adiabath rah illation for the 
distribution of pressure. Hut o.to pari w an assigned u* y to 
allow for friction ju* that only 0.9 wan applied to the tabulation 
of velocity; of the kinetic rnrrgy *»f thr p t 0.7$ only »*« 
assumed to lie ttpplird to moving the ousn without friction, the 
remainder being in the kiiirtk energy *4 the ilow from the 
vines which was amttntrd to l*e changed Into heat again; and 
further there was an allowance of *>,$ f«r in the vines, 


J I X 0.9 X ©»|| X **•>■ ft| 14 U.T .t\ 


will I* changed Into work, h method »f determining the quMli* 
tie* and specific volume* at the several rm* 4 r* h illustrated in 
the table on the following page. 

The quantity of heat changed into work \wt stage h *ub* 
fractal successively, giving the apparent remaining heat contents 
as set ilown in tin* tables. At a given temperature we may find 
the quality by subtracting the heat of thr liquid from the heat 
content* and dividing thr remainder by thr value of r, Tltfl 
specific volume* are determined I* Jf 1 Hi rt t f Icifl 


I# «** Hf H ’I -. 


but a* v is in all case* Urge, the effect of # may W nrgl 

altogether. 
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FIRST COMPUTATION OF QUALITIES ANT) VOLUMES. 
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By I hr aid of Bn* tem{K*rulure»entropy table, the qualities 
and sjtrtthr volumes may be determined directly with good 
approximation, it bring necessary only to follow the line of the 
temperature to an entropy column, having nearly the proper 
heat contents. 

There in a serious objection to this method as applied, because 
it doe* not lake any ac count of the fart that as the steam passes 
from stage to stage losing less heat than it would with adiabatic 
action, the entropy increases, and that with increased entropy 
the difference of heal contents between two given temperatures 
increases. This will be very apjatrent from inspection of a 
tem|**mture*entropy diagram or the temperature-entropy table. 
Tills matter will la? discussed more at length in connection with 
the Curtis type of turbine. 

It ha* been assumed that the same amount of heat should be 
assigned to each stage for the adiabatic calculation and that the 
values «f y to allow for friction and losses remain constant. 
As to the values that should be assigned to y, we have very little 
published information; it may be noted in passing that our 
allowance for friction in the nozzles and guides is probably too 
large. It will la* evident that there is no difficulty in maintaining 
the amount aligned to each stage in its proper proportion even 
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though y shall be varied from stage to stage. For example, 01 
choice of o.i for both y and y x gives 

32 X 0.9 X 0.9 = 25.92 B.T.U., 

which .multiplied by 0.75, the efficiency due to the angles ar 
velocities, gives 19.44 b.t.u. as above. Let it be assumed f< 
the moment that the above product shall be kept constant, so ; 
to obtain the same velocity of jet in each stage. Then tl 
following table exhibits a way of accomplishing this purpo 
while varying y and y x \ 


Stage 


y 

y. 

(x-y) (i-y,) 
B.T.TJ 


0.105 0.11 0.115 °-I 

0.103 o.xo6 0.109 o.x 
0.803 °-796 0.787 0.7 
32.3 32.6 33.0 33.2 


0.095 

0.097 

0.817 

31-7 


0.085; 

0.091 

0.832 

I3 1 - 2 


0.09 

0.094 

0.824 

3i-5 


0.08 

0.088 

0.839 

30-9 


The last line shows the proper assignment of thermal uni 
for this condition. For simplicity both y and y x are assume 
to vary uniformly, but other variations can be worked out wi 
a little more trouble. Evidently the sum of the figures in tl 
last line should be equal to 

9 X 32 = 288; 

it is a trifle larger in the table. 

Now it is probable that the best values of the factor for frictic 
and resistance are to be derived from investigations on turbin 
rather than from separate experiments on nozzles and vane 
and it is evident that the use of the methods of representii 
the friction by a factor y is rather a crude way of trying to atta 
in a new design favorable conditions found in a turbine alreat 
built. 

Since the general conditions of this problem are the same 
those on page 481, the efficiency due to adiabatic action will 1 
the same as is also the efficiency due to the angles and velocitk 
Taking the factors for friction in the guides and blades as ea< 
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o.i, the corresponding factors are 0.9 and 0.9. The efficiency 
due to velocities is 0.75, and the mechanical efficiency may be 
•estimated as 0.9. The combined efficiency of the turbine is 

0.262 X 0.75 X 0.9 X 0.9 X 0.9 = 0.143. 

A computation like that on page 483 with this efficiency gives 
for the probable steam consumption 16.2 pounds Der 
horse-power per hour. * P 

Assume that the turbine is to deliver 500 brake horse-power* 
then the steam consumption per second will be 

16.2 X 500 4- 3600 = 2.25 pounds. 

We can now determine the principal dimensions of the turbine 
to suit the conditions of its use. Suppose that it is desired to 
restrict the revolutions to 1200 per minute or 20 per second * 
then with nine stages and a peripheral velocity of 520 for the 
vanes the diameter will be 

520 -4- 207 T = 8.28 feet. 

For a turbine of the power assigned this diameter will be 
found to be inconveniently large. If, however, the number of 
stages can be made 36, the velocity will be reduced to 260 feet 
per second as computed on page 495. This will give for the 
diameter 

260 - 4 - 207 r = 4.14 feet. 

1 

The remainder of our calculation will be carried out on these 
assumptions, namely, that the power is to be 500 brake- 
horse-power, and that there are to be 36 stages. If the method 
of the table on page 497 were applied to a turbine having the 
full 36 stages now contemplated, it would have 37 lines; namely, 
the ten already set down, and three intermediate entries between 
each pair of consecutive lines; but the temperatures found in 
that table would be found in the more extended table together 
with their specific volumes. We can, therefore, use that table to 
calculate areas and lengths of vanes for 9 out of the 36 stages, 
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( oDUTst l\ , if tit Mret 1 , the thickness of the vanes could ho 
adjusted to give the same length. Such a construction as this 
leads to is likely to give too sharp a curvature to the backs of 
the v ties, and it tna v be better to givg only the thickness 
demanded for strength and take the chance that the passage 
between the vanes shall not lie filled. If allowance is made for 
friction and the consequent reduction in velocity the lengths of 
the vanes should be corresjxmdingly increased. 

The lengths of the guides for the other stages will be directly 
proportional to the specific volumes in the table on page 497, 
because the veloc dies have been made the same for all the stages. 
For example, at iw" the length for full admission will be 

1 - 4 s * ,U.H !• 1 48 • 0.31.* inch, 

which will Ik* the proffer length for the twenty-fourth stage. If 
if is considered undesirable to further reduce the length we may 
resort to admitting steam through guides for only a portion of 
the prriphrry. Making the arc of ad mission vary as the specific 
volumes, the fourth stage (line 1 of tin* table on page 497) will 
have admission for 

K 3.86 h 31.8 m 43 0 . 

Intermediate lengths of vanes ant! arcs of admission may be 
computed by filling out 11 fable like that on page 497 for all the 
stages, or a diagram may be drawn from which the required 
information curt be had by interpolation; the values on the line 
numbered © art* for this purjHjse, there being of course no corre- 
% ponding stage. In fact the method of computing at convenient 
intervals and interpolating from curve* is likely to be more accu- 
rate as well as more convenient, as the error of adiabatic calcula- 
tions for steam with small change of temperature is liable to be 
excessive. 

Leakage and Radiation. - This type of turbine, as will be seen 
in the description of the K a lean turbine, has a number of wheels 
each in its own chamber, and the chambers are separated by 
stationary dbk* that extend to the shaft. Reduction of leakage 
mu»t be attained bv a small clearance between the disk and the 
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U'l ittnth- represent a vane which has steam entering it 
tangentially with the velocity V v while it has itself the velocity 
I . .Winning that the relative velocity is 
constant we may divide the curve into a yvy 
number of ccjiutl *malt j tarts that are approxi- J N. , 

mately straight. From h lay «1T J \ 

MS •- u/t r , — -V 

* j Flo. m. 

then V will be a |«»im in the trajectory of the particle of steam. 

r* 

In like manner tt* — mb , rie. 

llie path obVW may 1 h* taken as the trajectory of the steam, and 
r/ is the haul as defined almve. Properly a similar construction 
should Uv made also for the hack of the vane, and the mean path 
shmt It! lie taken to establish die lead. Extreme refinement is 
probably neither necessary nor justifiable in this work. 

E«ttau Turbin®, The construc tion of this turbine, which is 

of the pure pressure-compound 
type is represented by Fig, 1 13, 


mm fel 
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The table g*vr» f not It* *4 *<•■%!» on a Ha lea u 

turbine by I’ltilwMtr Stodtda. TV* »vtih result* from 
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its casing, and from tests of his own, Professor Stodola gives the 
following equations for the horse-power required to drive smooth 
wheels and to drive wheels with vanes forward: 

Smooth wheels * 


H.P. =0.02295 a, D 2,5 



7 - 


Wheels with vanes 


H.P. = [0.02295 a i D 2 ' 5 + 1.4346 X 1 * 25 ] 



where D is the diameter in feet, L is the blade length in inches, 
V is the peripheral speed in feet per second, and 7 is the density 
of the medium. The values of the other factors are 


«i = 3- I 4 « 2 = 0.42. 

These formulae explain why the backing turbine for marine 
propulsion is always run in a vacuum when idle. 

Turbines which have only a partial admission must be affected 
by some such action for that part of the revolution during which 
steam is not admitted; but this matter is obscure and such a 
resistance must be combined with friction and other resistances. 
It is therefore very difficult to assign the proper value to the fric- 
tion factor y for steam in the vanes or in the guides and vanes of 
a velocity-compound turbine. In particular any change of the 
angle 7 (Fig. 103, page 480) to avoid end thrust must be made 
with caution and should be checked by experiment. 

Side Thrust. — If admission is restricted to only a part of the 
periphery of a turbine, then in order to preserve a balance and 
avoid unnecessary pressure on the bearings of the shaft, the arc 
of admission should be divided into two equal portions, that are 
diametrically opposite. Some builders, however, prefer to 
ignore this effect, and concentrate the admission at one side, 
because there is tendency for the steam to spread which will have 
double the effect if the arc is divided as suggested. The amount 
of side thrust can be estimated from the powers developed a b 
the several wheels, having partial admission, together with the 
dimensions and speed of revolutions, making allowance of course 
for the distribution of the torque over an arc of a circle. 


STtUVM r I* HUt SV.S 


Prts&ure and Verity Compmmdiag. A favoralil.* 
lj„u {JJ 4 V t*r tHiid*’ of lh« two method’. *4 » <»tii|»«an«ling 
ilLMU^ttl; that is tin- |»rrv*uir and SrmpcraSufr range y 

dfridrd !«'t\vrt*ji two or m»» r»* t lumlwf * in *m* h **f wlmh 
two «f t lif if of moving vitnrs. Tim ha* l«m doit*. 

Urgr male with tlir thirti* ? nr bum whit li a)»l«Mn to hive wt 
range of ft ottomu a l 4|»|4i*4tiofi than 4 in other Hf*r. 

Since I fir Jififlt ifilfH of »‘*U !t method haw b i’ll din.*. ^ 

already, W« will iUmUalr tlir a|»}4n a bolt to a * oi«|, A r:* * 
•dmgtlr jirobU m avoiding t«*» gfrat mmuti.r of detail, 

Lrt m take for thr j»rim i|*U tonditiom the delm-ty *4 % 

Wiitt-H Ilf rlr» fru al rtlrfgv , whit It, with an rtin mm > “f l hr *1 v 9% a 
of 4 | w ,tlt £mj, will lufft »J»*»nd to SO AtU I’^-iht.lkr hot’**’ |** »W« 
Lrt thr initial jircvuirr I* 1 40 jwmmb i*> the gang *•, *«*«f 
vacuum hr *H inrhrv of men mi • l.'-t tin angle *d thr noj 

|n« if „* -jo* 1 , Thr aWdiltr f.rr-voifr-) will lw about 1*4 §***%< 
and i»nr j*mnd aWduie, and thr *om$*mm!mg trm}ar-**« 
nfr tfsfV* and t o T I* . I Ifv situr aled tic a tit 4 * tit* gtv* n 
will luivr nearly 1,4* unit* of <ntr*»j»v * and for dm dm temg*r fat 
entropy table give* fof ailwhili* rvpafruan w ith the al*ov«- 1 § 
of ti*m|H’r4turr thr heat content* *a r**H and *?« TH*~ 

«f to 70 at til*" lower IrmfirratMfr, and *oi'| W |tirf,l! r 

to ri|Uitl to fkn tt.r.t?. 

Thr thermal cflk km y «*f adfahatn r*|Mnb*»n without * 11**1 

for any k»w*p» w 

r _ x - */» - s 

* If, V» ***» 

thr corrr*|«»«dittM heat *onmmf*it»*n i* 

.| 4 . 1 4 * — f|‘# #-S *’■ 

firf h«.rm |«*wrr |«-r minute. 

"rhr rflu irmy for the turbine without Uu i»**n l*y kts.i 

(hit ), I Mgr -l-Ht i“> 

f — 1 i n* « — o J • 

Tlir rflli inn v *»f the no44lr-« h.i * .dfeadv tm-rn dctefitiin***! 8 
|»y the sdhxtintt of 044 for y. Imi w. farther aws.sftt^' 


PRESSURE AND VELOCITY COMPOUNDING 


507 

the combined effect of losses in the vanes may be taken to be 
equivalent to making y 0 equal to 25 so that 1 - y 0 is 0.75; this 
is in effect the efficiency factor for the vanes as affected by friction. 
If, further, we take the mechanical efficiency of the machine as 
0.9, then the combined efficiency for the turbine will be 

0.285 X °- 88 3 X 0.85 X 0.75 X 0.9 = 0.144. 

This corresponds to 

42.42 -4- O.144 = 295 B.T.U. 

per horse-power per minute. Now it costs to make steam from 
water at 102° and at an absolute pressure of 165 pounds, 1123 
0 r i + <h — ? 2 ) thermal units, as already calculated in the deduc- 
tion of the efficiency of adiabatic action. Consequently the steam 
per horse-power per hour will be 

295 X 60 -r- 1123 = 15.7 

pounds per brake horse-power per hour. To this should properly 
be added a fraction, to allow for leakage and radiation, amounting 
to five or ten per cent; this added amount of steam will affect 
the size of the high pressure nozzles only in this case, and as 
extra nozzles are sure to be provided we will take no further 
account of it than to say that the steam consumption may amount 
to 16.5 to 17.3 pounds per brake horse-power per hour. 

The heat contents which have already been found give for the 
adiabatic available heat 

1193 - 871 = 322, 

and if this be divided equally we have 16 1 thermal units per 
stage. Using 0.15 for y in the nozzles, the velocity of the jet 
becomes 

V =V 2 X 32.2 X 778 X 161 X0.85 =2610 
feet per second. 

Assuming that we may use three sets of moving vanes the 
velocity f(?r them will be 

2610 h- (2 X 3) = 435 


feet per second. 
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The specific volume is 

V= (%u + cr) = 0.902 (21.6 - 0.016) + 0.016 = 19.5. 

With 15.7 pounds of steam per brake horse-power per hour 
and 770 horse-power the steam per second is 

w = 15.7 X 770 -h 3600 = 3.36 pounds. 

The combined area of discharge of all the first stage nozzles 
is therefore, with the velocity at exit equal to 2610 feet, 

3.36 X 19.5 X 144 -*• 2610 — 3.62 square inches. 

The nozzles of turbines of this type are sometimes made square 
at the exit so as to give a continuous sheet of steam to act on the 
vanes. If the side of such a nozzle were made half an inch 
there would appear to be fourteen and a half such nozzles; the 
turbines would probably be given 16 or 18 of them, which could 
be arranged in two groups. Since the angle of the nozzle is 20° 
the width of the jet measured along the perimeter of the wheel 
will be 

0.5 4- sin 20 0 = 0.5 ~ 0.3420 = 1.46 inch. 

Allowing one-fourth of the width of the orifice for the thickness 
of the walls, the width occupied by eight nozzles would be 

1.46 X 1.25 X 8 = 14^ inches. 

The combined throat area of all the nozzles will be 

3.36 X 4.45 X 144 -s- 1480 = 1.41 square inch. 

Dividing by 142-, the number of necessary nozzles, gives for 
the throat area of one nozzle 

1. 41 -f- 14.5 = 0.0972 square inch, 

so that the diameter will be about 0.35 of an inch. 

A method of calculation for the second set of nozzles consistent 
with the method of determining the intermediate pressure is as 
follows: The pressure in the throat has already been found to 
be 10.6 pounds, corresponding to 196° F., for which the tem- 
perature-entropy table at 1.56 units of entropy gives for heat 
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at exit from the second set of nozzles. The volume of saturated 
steam at 102° is 335 cubic feet, and with x equal to 0.858 the 
specific volume is 288 cubic feet. Consequently, with a weight of 
3.36 pounds per second, and a velocity of 2610 feet, the united 
areas of all the nozzles at exit will be 

3.36 X 288 X 144 -4- 2610 = 53.4 square inches. 

Now the perimeter of a circle having a diameter of 4$ feet is 
about 170 inches. Allowing for the sine of the angle 20° and 
one-fourth for thickness of guides there will be about 43.5 inches 
for the united width of passages between guides so that the 
radial length will be 

53-4 43-5 = 1-23 inch. 

The specific volume of saturated steam at' 197 0 is 35.5 cubic 
feet, so that with x equal to 0.925 the specific volume is 32.9. 
Now the areas are proportional to the specific volumes and 
inversely as the velocities, consequently the length of guides at the 
throat is 

w 2610 w 52.0 . , 

“7 X ^ X *8 ~ °' 29 mCh - 

The length of the vanes and guides can be found by the method 
on page 500, using relative velocities for the vanes and absolute 
velocities for the guides. The velocities decrease as indicated 
by Fig. 107, page 487, and the lengths must be correspondingly- 
increased. In this case, however, there are two considerations 
which influences the lengths that should be finally assigned to the 
guides and vanes. (1) The thickness may be diminished, which 
tends to decrease the length. (2) Friction reduces the velocity 
which tends to increase the length. Friction of course diminishes 
all velocities including the peripheral velocity of the wheel, but a 
proper discussion of that matter would be both long and uncertain. 

Attention has already been called to the defect of this method 
of making all the calculations at a single value of entropy and 
trying to allow for friction and other losses by simple factors - 
The difficulty is aggravated in this case by the fact that the 
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second set of nozzles or guides have proper throats. The proper 
method after having selected a set of intermediate pressures 
appears to be to calculate the turbine step by step. The steam 
supplied to the second set of nozzles (or guides) has been found 
to have the quality 0.950, and this is probably a good approxima- 
tion to the actual condition, even if allowance is made for radi- 
ation and leakage. The temperature-entropy table gives for 
steam having that quality and the temperature 223, the 
entropy as nearly 1.66. At that entropy the heat contents at 
the initial, throat and exit pressures, are given in the following 
table with also the quality and specific volume at the throat; 
the table also gives the quality and specific volumes at exit with 
y equal to 0.15. 


Pressure. 

Temperature. 

Heat contents. 

Quality. 

Specific volume. 

18. a 

223 

1100 

mm 


to. 6 

196 

1063 


32-7 

1.0 

102 

927 


245 


The apparent available heat for adiabatic flow to the throat 
is now 

iioi - 1063 = 37, 
which would give a velocity of 

V = V2 X 32.2 X 778 X 37 = 1360, 

instead of 1280 as previously found. The apparent available 
heat to the exit with 0.15 for the friction factor is now 

(iioi - 927) 0.85 = 147, 

which gives for the exit velocity 

V — V 2 X 32.2 X 778 X 147 = 2710, 

instead of 2610 previously computed. 

This comparison shows that the intermediate pressure deter- 
mined by the customary method will be too high, and that to 
obtain the desired distribution of temperature the factors for 
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ih<- li'w.-r star* must hr modified arbitrarily as may be deter- 

mined t»y comparison with practice. 

Turbin®. 1 * ig, 1 14 shows a partial elevation and section 
t»I t hr essential features of a Curtis turbine, which has four 
t hamt>ers ami two sets of moving vanes in each chamber. The 
^ lr ^uhim* Is vertical which demands an end bearing, 
the t tilth ultivs of which construction appear to have been met by 
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A turbine developing 8000 horse-power has seven pressure 
stages, each of which but the first has three velocity stages, that 
one has four velocity stages. The diameter is ten feet and 
the peripheral velocity is 180 feet per second. 

Tests on Curtis Turbines. — The following tables give tests 
on two Curtis turbines, having two and four pressure stages, 
respectively; both were made by students at the Massachusetts 
Institute of Technology. 

TESTS ON A TWO-STAGE CURTIS TURBINE. 

Darling and Cooper.* 


Duration minutes 

Throttle pressure gauge 

Throttle temperature F 

Barometer inches 

Exhaust pressure absolute pounds . 

Load kilowatts 

Steam per kilowatt hour, pounds . 
Thermal units kilowatt minute . . 


120 

120 

120 

120 

60 

146.3 

145-3 


143-9 

149-3 

512 

520 

464 

502 

512 

29.8 

29.9 

29.9 

29.9 

30.0 

0.82 

o - 79 

0.92 

0.84 

0.85 

161.4 

2 55-7 

374-0 

512.9 

731-9 

21.98 

19.63 

19.98 

18.43 

17-75 

440 

396 

392 

3 6 9 

357 


If the efficiency of the dynamo is taken at 0.9 and one kilowatt 
is rated as 1.34 horse-power, the steam and heat consumptions 
per brake horse-power are, for the best result, 

1 1.8 pounds 239 b.t.u. 

TESTS ON A FOUR-STAGE CURTIS TURBINE 
Coe and Trask-I 


Duration minutes 

60 

60 

60 

180 

120 

Boiler pressure, pounds 

152 

149.6 

152-1 

I 5 ° 

i 5°-4 

Vacuum inches 

28.5 

28.2 

28.8 

28.4 

28.3 

Load kilowatts 

282 

380 

523 

562 

788 

Steam per kilowatt hour pounds . . 

21.4 

20.3 

18.8 

19-5 

r 9-3 

Thermal units per kilowatt (minute) . 

394 

37 o 

352 

! 

360 

357 


* Thesis, M. I. T., 1905. 
f Thesis, M. I. T., 1906. 
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hiking the efficiency of the dynamo as 0.9 and a kilowatt as 
i.,U hm si* the ln\st result is equivalent to a steam con- 

of u.u jHmnds and a heat consumption of 237 thermal 

units. 

Reaction Turbine®. -The essential feature of a reaction 
turbine in a fall of pressure and a consequent increase of veloc- 
ity in l lie passages among the vanes of the turbine. Since 
stub wheels commonly are affected by impulse also they are 
sometimes c alled impulse reaction wheels, but if properly under- 
stood tin- shorter name need not lead to confusion. In conse- 
quence of the fracture named the 

relative exit velocity \\ is greater ^ 

than V r Another consequenee is 
that steam leaks part the ends 1 « ^ 


end there e% also leakage 


is shown by Fig. ns 
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of wh* iiy may lie aiWnl t*» ihr rfitramr xrb* ai) it* (mil the 
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the gain of velocity in the vanes is equal to the gain in the 
guides. 

In Fig. 1 16 let V t be the velocity of the steam leaving the 
guides and V the velocity of the vanes; then F 2 is the relative 
velocity of the steam entering the vanes. V a is the relative exit 
velocity which is greater than V 2 on account of the change of 
heat into work. V 4 is the absolute exit velocity from the vanes 
with which the steam enters the next set of guides. If the con- 
ditions for successive stages are the same, V 4 is also equal to the 
entrance velocity to the set of guides of the stage under discussion, 
and if ce is laid off at ac' then c'b is the gain of velocity in the 



v « 


Fig. 116. 

guides. Consequently to construct V 3 we may lay off ce' equal 
to ac and e'd equal to c'b. Now a and 7 are commonly made equal, 
and therefore the triangles abc and cde are equal. Consequently 
the angle 8 for the entrance to the guides is equal to ft at the 
entrance to the vanes. In fact the guides and vanes have the 
same form. 

Choice of Conditions. — The foregoing discussion shows that 
the designer is given a wider latitude in his choice of conditions 
for the compound reaction turbines than appeared possible 
for impulse turbines, though if the restriction of no axial thrust 
were removed from the latter the comparison would be quite 
different. 
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parsons turbine — marine work. 


Tvfw ‘4 Vipwri, 

fVnpheml speed. feet 
p*‘r wttvnd. 

I 

Ratio of 
velocities, 
vanes to 


tu*. 

L.P. 

steam. 

High »f*mt tu*il ’tfrAinm , . , 

70 Ho 

110*130 

O.45-O.5 

itUrm«**Uatr wail sfrarorr* .... 

Ha -tya 

t io-ijs 

0 . 49 - 0. 1 

Ctwwwl Mrumri* , 

C)0"tOS 

130-150 

O.37-O.47 

|i 4 Uir 4 s»f« «ft«i Ufjgr « rui'trf't . . 

HtJ-lOO 

**S-* 3 S 

o. 4 R™o. 5 a 

Smalt ♦ ettisrr* 

105-130 

130-160 

0.47-0.5 

T«rj>r*l*» • raff* 

1 10-13° 

tf) 0 » 3 lO 

0.47-0.51 


Number 

of 

shafts. 


4 

3-4 

3 

4 

3~4 


Tin* YVestinghouse Company have used much higher veloc- 
ities of vane* for electrical work than given in the above tables; 
its much its 170 feet per second for the smallest cylinder and 
J75 fur the largest cylinder. 

The blade height should lie at least three per cent of the 
diameter of the cylinder in order to avoid excessive leakage 
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cylinders be i | and 2 1 times the diameter of the small cylinders. 
Let the peripheral speed be 0.75 of the steam velocity, then the 
latter will lie 50© feet per second. If the exit angles for guides 
and vanes In* taken as ao w and if the degree of reaction is 0.5, 
the velocities and angles will be represented by Fig. 116, page 
5*7. In that figure 

gb « F, cos 20 0 « 0,940 V t ; 


ami m 
we have 


tan fi 


r is 0.7s v 0 

K*' (0.940 0.7s) V x » 0.190 V x . 

tig F, sin ao° *» 0.342 F t ; 

0.342 •- a, 190 * 1.800 fl » 6l 0 . 


The angle p b given to the backs of the blades, and the angle at 
the fates is somewhat larger, us will appear by Fig. 115, page 515 ; 
in tonsequenei there is some impulse at the entrance to the vanes. 
To get the relative velot tty we have 

Vf - ag t gc' *» (0.34a 3 + o.tqo 3 ) F t 3 
V, - 0.392 F,. 

But it b shown on jmge 517 that for the conditions chosen the 
imrvmc of velocity in either guides or vanes is equal to 

V x ~ F, *** (1 — 0.39a) V x « 0.608 X 300 — 182 

feet per second. 

Mow the equation for velocity when h thermal units are avail- 
able is _____ 

V *» Va X 32.2 X 778/r, 

and conversely 

h « iHj® + (64.4 X 778) * 0.661 u.T.tr. 

'Phis b the amount with allowance for friction and leakage 
piuit the ends of the blades which has been assigned the factor 
ojh, m that for the preliminary adiabatic computation we -may 
take for one net of blades 

©,66f -i 0.6 ** t.I B.T.U., 



and for a stage, consisting of a set of guides and vanes, we may 
take for the basis of the determination of the proper number of 
stages 2.2 b.t.u. per pound of steam used. 

It appears on page 507 that adiabatic expansion from 165 
pounds absolute to one pound absolute gives 322 thermal units 
for the available heat. If this is to be distributed to the stages 
of a turbine with 2.2 units per stage, then the total number of 
stages will be 

322 -4- 2.2 = 146 

stage? . This is under the assumption that the turbine has a 
uniform diameter of rotor with 225 feet for the velocity of the 
vanes; we have, however, taken the intermediate diameter 
times the high-pressure and the low-pressure 2 \ times. The 
peripheral velocities will have the same ratios, and the amounts 
of available heat per stage will be proportional to the squares of 
those ratios, namely, 2.25 and 6.25. Consequently the amounts 
of heat assigned per stage will be as follows : 

High-pressure Intermediate Low-pressure. 

2-2 4-95 13*75 

If we decide to use ten low-pressures and twenty intermediate 
stages they will require 

10 X 13.75 + 20 X 4-95 = 236.5 b.t.u., 

leaving 85.5 thermal units which will require somewhat less 
than 39 stages. Reversing the operation it appears that one 
distribution calls for 

10 X 13-75 + 20 X 4.95 -f 39 X 2.2 = 322 B.T.U. 

For convenience of manufacture it is customary to make 
several stages identical, that is, with the same length of blades, 
clearances, etc.; this of course will derange the velocities to some 
extent and interfere with the realization of the best economy. 
That part of the cylinder which has the same length of blades 
is known technically as a barrel. Let there be three barrels for 
each cylinder, making nine in all, which may be conveniently 
numbered, beginning at the high-pressure end and may have 
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the number of stages assigned above. In that table is given also 
the number of the stage counting from the high-pressure end, 
which is at or near the middle of the length of the barrel, for 
which calculations will be made. The values of the heat con- 
tents at I q are readily found for each stage given in the table 
by subtracting the amounts of heat changed into kinetic energy, 
down to that stage, allowing 2.2 for each stage of the high- 

(’( IMPOUND REACTION TURBINE. 
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earn low-pressure ...» 7 7; 0 

its heat contents found by subtracting from the initial heat con- 
tents 1 * 93 , the amount 

39 X 2.2 + ti X 4-95 ” r 4°-3> 

leaving for the heat contents after that stage 1053 thermal units. 
The probable heat contents allowing for friction and leakage is 
found by subtracting the product of the above quantity by t e , 
factor 0.6. Giving 

U93 - 138 X 0.6 * nog b.t.u. 

Ha vine the values «f x'r 4 q obtained in this way, the values of 
.«■' can be [trawl iiy subtracting the heat of the liquid ?. aw 
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and this length will be assigned to all the blades of the first 
barrel. The blades of the second and third barrels will have 
their lengths increased in proportion to the specific volumes at the 
middle of those barrels, as set down in the table. The effect 
of increasing the diameters of the intermediate and low-pres- 
sure cylinders is to increase the steam velocity, and the peripheral 
length of the steam passage, both in proportion to the diameter. 
Consequently the* lengths of the blades for these cylinders arc 
directly proportional to the proper specific volumes and inversely 
proportional to the squares of the diameters. Thus the length 
of the blades at the forty-second stage, i.e., the middle of the 
fourth barrel is 


0415 X Q43 . , 

r - *«• 0,532 inch. 


3*27 X 1.5 

The lengths are computed for the other barrels in the same way, 
using 3.5 for the ratio of the low-pressure diameter. 

Since the diameter of the small cylinder is 13.85 inches and 
the sjHntl of the vanes on it is 225 feet per second, the revolutions 
per minute are 

2 2 5 X 60 X 1 2 

13.85 n 

Parsons Turbin®. — The essential features of the Parsons 
turbine are shown by Fig. 117. Steam is admitted at A and 
passes In succession through the stages on the high-pressure 
cylinder, and thence through the passage at E to the stages of 
the intermediate cylinder; after passing through the intermediate 
stages it passes through G to the low-pressure stages and finally 
by B to the condenser. 
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Parsons turbine in Savannah was made under the direction of 
Mr. B. R. T. Collins and reported by Messrs. H. O. C. Isenberg 
and J. Lage,* which is interesting because the steam consumption 
of the auxiliary machines was determined separately. The 
data and results of tests on the turbine are given in the following 
table. 

The tests made at full load with varying degrees of vacuum 
show clearly the advantage obtained in this machine from a 
good vacuum, which amounted to a saving of 


289 — 279 
289 


0.035. 


TESTS ON WESTINGHOUSE-PARSONS TURBINE. 
Collins, Isenberg and Lage. 



i load. 

} load. 

Full load. 


il load. 

li- load. 

Duration minutes 

60 

60 

60 

60 

60 • 

45 

45 

Steam pressures, gauge . . . 

131 

129 

128 

127 

128 

127 

125 

Vacuum inches 

28.1 

28.1 

25-7 

26.7 

28.0 

26.7 

26.6 

Revolutions per minute . . 

3616 

3601 

3602 

3612 

35 62 

3540 

3537 

Load kilowatts 

260 

379 

493 

Sox 

499 

629 

733 

Steam consumption, pounds 
per kilowatt-hour .... 

24-3 

21.2 

20. 7 

19.8 

19.7 

19.8 

20.2 

per electric h.p. per hour . 

18. X 

15-8 

15.6 

14.8 

14-7 

14.7 

i 5 -i 

Heat consumption b.t.u. 
per kilowatt-minute 

462 

403 

494 

375 

374 

373 

3 § x 

per horse-power per minute 

345 

301 

289 

284 

279 

278 

283 


A great importance is attributed by turbine builders to obtaining 
a low vacuum, in many cases special air-pumps and other devices 
being used for that purpose. Unless discretion is shown both 
in the design and operation of this auxiliary machinery, its size 
and steam consumption is likely to be excessive, and what appears 
to be gained from the vacuum may be entirely illusory. 

* Thesis, M.I.T. 1906. 
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Hu* steam mnsumptiuti in |Knm*t s |» r hour for the several 
auxiliary maehine-* was .is follow*: 

Centrifugal j»urtif» for t imitating water . . » HMt 

Urv vacuum pump jij 

Hot well pump ............ m.H 

This total was equivalent to a.tit of the steam rtmsumptbn 
t»f the turbine at full Uu«t amt with )A in* lies u< mim Some 
test's of turbine insta Hath ms shww twice or three times llttn 

proportion. 
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Hayford’s Text-book of Geodetic Astronomy 8 v°, 3 ®® 
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Bering's Ready Reference Tables (Conversion Factors) i6mo, morocco, 2 50 

Howe’s Retaining Walls for Earth i2mo, 1 25 

Hoyt and Grover’s River Discharge Svo, 2 00 

* Ives’s Adjustments of the Engineer’s Transit and Level i6mo, Bds. 2s 

Ives and Hilts’s Problems in Surveying i6mo, morocco, 1 50 

Johnson’s (J. B.) Theory and Practice of Surveying Small 8vo, 4 00 

Johnson’s (L. J.) Statics by Algebraic and Graphic Methods 8vo, 2 00 

Laplace’s Philosophical Essay on Probabilities. (Truscott and Emory.) . i2mo, 2 00 

Mahan’s Treatise on Civil Engineering. (1873.) (Wood.) Svo, 500 

* Descriptive Geometry. 8vo, 1 so 

Merriman’s Elements of Precise Surveying and Geodesy 8vo, 2 50 

Merriman and Brooks’s Handbook for Surveyors i6mo, morocco, 2 00 

Nugent’s Plane Surveying 8vo, 3 50 

■Ogden’s Sewer Design nmo, 2 00 

Parsons’s Disposal of Municipal Refuse. 8vo, 2 00 

Patton’s Treatise on Civil Engineering 8vo half leather, 7 50 

Reed’s Topographical Drawing and Sketching 4to, 5 00 

Rideal’s Sewage and the Bacterial Purification of Sewage 8vo, 4 00 

Riemer’s Shaft-sinking under Difficult Conditions. (Coming and Peele.) . .8vo, 3 00 

•Siebert and Biggin’s Modern Stone-cutting and Masonry 8vo, 1 50 

Smith’s Manual of Topographical Drawing. (McMillan.) 8vo, 2 50 

•Sondericker’s Graphic Statics, with Applications to Trusses, Beams, and Arches. 

8vo, 2 00 

"Taylor and Thompson’s Treatise on Concrete, Plain and Reinforced 8vo, 5 00 

■Tracy’s Plane Surveying 16mo, morocco, 3 00 

* Trautwine’s Civil Engineer’s Pocket-book i6mo, morocco, 5 00 

Venable’s Garbage Crematories in America Svo, 2 00 

Wait’s Engineering and Architectural Jurisprudence 8vo, 6 00 

Sheep, 6 50 

Law of Operations Preliminary to Construction in Engineering and Archi- 
tecture 8vo, S 00 

Sheep, 5 50 

Law of Contracts 8vo, 3 00 

Warren’s Stereotomy — Problems in Stone-cutting 8vo, 2 50 

Webb’s Problems in the Use and Adjustment of Engineering Instruments. 

i6mo, morocco, 1 25 

Wilson’s Topographic Surveying 8vo, 3 50 

BRIDGES AND ROOFS. 

Holler’s Practical Treatise on the Construction of Iron Highway Bridges. .8vo, 2 00 

Hurr and Falk’s Influence Lines for Bridge and Roof Computations Svo, 3 00 

Design and Construction of Metallic Bridges 8vo, 5 00 

Du Bois’s Mechanics of Engineering. Vol. II Small 4to, 10 00 

Poster’s Treatise on Wooden Trestle Bridges 4to, 5 00 

Fowler’s Ordinary Foundations 8vo, 3 50 

•Greene’s Roof Trusses 8vo » 1 2 5 

Bridge Trusses 8vo > 2 5° 

Arches in Wood, Iron, and Stone Svo, 2 50 

Grimm’s Secondary Stresses in Bridge Trusses. (Tn Press.) 

Howe’s Treatise on Arches 8vo » 4 00 

Design of Simple Roof-trusses in Wood and Steel 8vo, 2 00 

Symmetrical Masonry Arches 8vo, 2 50 

Johnson, Bryan, and Turneaure’s Theory and Practice in the Designing of 

Modern Framed Structures Small 4to, 10 00 

Merriman and Jacoby’s Text-book on Roofs and Bridges: 

Part I. Stresses in Simple Trusses 8vo, 2 50 

Part n. Graphic Statics 8vo > 2 5° 

Partin. Bridge Design 8yo > 2 50 

PartIV. Higher Structures 8v0 > 2 5<> 
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Morison’s Memphis Bridge 4to, 10 o» 

Waddell’s De Pontibus, a Pocket-book for Bridge Engineers . . r6mo, morocco, 2 00 

* Specifications for Steel Bridges . nmo, 50 

Wright’s Designing of Draw-spans. Two parts in one volume 8vo, 3 50- 


HYDRAULICS. 

Barnes’s Ice Formation 8vo, 

Bazin’s Experiments upon the Contraction of the Liquid Vein Issuing from 

an Orifice. (Trautwine.) 8vo, 

Bovey’s Treatise on Hydraulics 8vo, 

Church’s Mechanics of Engineering 8vo , 

Diagrams of Mean Velocity of Water in Open Channels paper, 

Hydraulic Motors 8vo, 

Coffin’s Graphical Solution of Hydraulic Problems i6mo, morocco, 

Flather’s Dynamometers, and the Measurement of Power i2mo, 

Folwell’s Water-supply Engineering 8vo, 

Frizell’s Water-power 8vo, 

Fuertes’s Water and Public Health nmo, 

Water-filtration Works nmo, 

Ganguillet and Kutter’s General Formula for the Uniform Flow of Water in 

Rivers and Other Channels. (Hering and Trautwine.) 8vo, 

Hazen’s Clean Water and How to Get It Large i 2 mo, 

Filtration of Public Water-supply 8vo, 

Hazlehurst’s Towers and Tanks for Water-works .8vo, 

Herschel’s 115 Experiments on the Carrying Capacity of Large, Riveted, Metal 
Conduits 8vo, 

* Hubbard and Kiersted’s Water-works Management and Maintenance.. 8vo, 
Mason’s Water-supply. (Considered Principally from a Sanitary Standpoint.) 

8vo, 

Merriman’s Treatise on Hydraulics 8vp, 

* Michie's Elements of Analytical Mechanics 8vo, 

Schuyler’s Reservoirs for Irrigation, Water-power, and Domestic Water- 

supply Large 8vo, 

* Thomas and Watt’s Improvement of Rivers 410, 

Turneaure and Russell’s Public Water-supplies 8vo, 

Wegmann’s Design and Construction of Dams. 5th Edition, enlarged. . .4to, 

Water-supply of the City of New York from 1658 to 1895 4to, 

Whipple’s Value of Pure Water Large nmo, 

Williams and Hazen’s Hydraulic Tables 8vo, 

Wilson’s Irrigation Engineering Small 8vo, 

Wolff’s Windmill as a Prime Mover 8vo, 

Wood’s Turbines 8vo, 

Elements of Analytical Mechanics 8vo, 


MATERIALS OF ENGINEERING. 


Baker’s Treatise on Masonry Construction 8vo. 5 00 

Roads and Pavements 8vo, 5 oo- 

Black’s United States Public Works Oblong 4to, 5 00 

* Bovey’s Strength of Materials and Theory of Structures 8vo, 7 50* 

Burr’s Elasticity and Resistance of the Materials of Engineering 8 vo, 7 5 » 

Byrne’s Highway Construction 8vo, 5 00 

Inspection of the Materials and Workmanship Employed in Construction. 

i6mo, 3 oo> 

Church’s Mechanics of Engineering 8vo, 6 00 

Du Bois’s Mechanics of Engineering. Vol. I Small 4to 7 5 » 

■^Eckel’s Cements, Limes, and Plasters 8vo, 6 00 
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Johnson's Materials of Construction Large 8vo, 6 ocr 

Fowler's Ordinary Foundations 8vo, 3 50 

Graves’s Forest Mensuration '. '. '. . . . ' . . 8vo,’ 4 00 

* Greene’s Structural Mechanics 8v0 ’ 2 50 » 

Keep's Cast Iron .8vo’, 2 50 

Lanza’s Applied Mechanics * ’ ’ ’ ^ 8vo ’ ? SOl 

Martens’s Handbook on Testing Materials. (Henning.) 2 vols 8vo, 7 5o> 

Maurer’s Technical Mechanics 8v0( 4 0 ». 

Merrill’s Stones for Building and Decoration Svo, 5 oo> 

Merriman’s Mechanics of Materials gvo, 5 oo> 

* Strength of Materials izmo, 1 00 

Metcalf’s Steel. A Manual for Steel-users i2mo, 200 

Patton’s Practical Treatise on Foundations 8vo, 5 00 

Richardson’s Modern Asphalt Pavements 8vo, 3 00 

Richey’s Handbook for Superintendents of Construction ifimo, mor., 4 00 

* Ries’s Clays: Their Occurrence, Properties, and Uses 8vo, 5 o» 

Rockwell’s Roads and Pavements in France i2mo, 1 25 

Sabin’s Industrial and Artistic Technology of Paints and Varnish 8vo, 3 ot> 

♦Schwarz’s Longleaf Pine in Virgin Forest mmo, 1 25 

Smith’s Materials of Machines i2mo, 1 o» 

Snow’s Principal Species of Wood 8vo, 3 50 

Spalding’s Hydraulic Cement i2mo, 2 oo» 

Text-book on Roads and Pavements i2mo, 2 00 

Taylor and Thompson’s Treatise on Concrete, Plain and Reinforced 8vo, 5 00 

Thurston’s Materials of Engineering. 3 Parts 8vo, 8 00 

Part I. Non-metdllic Materials of Engineering and Metallurgy 8vo, 2 00 

Part II. Iron and Steel 8vo, 350. 

Part III. A Treatise on Brasses, Bronzes, and Other Alloys and their 

Constituents 8vo, 2 50 

Tillson’s Street Pavements and Paving Materials 8vo, 4 00- 

Tumeaure and Maurer’s Principles of Reinforced Concrete Construction.. -Svo, 3 00 

Waddell’s De Pontibus. (A Pocket-book for Bridge Engineers.) .. i6mo, mor., 2 oo- 

* Specifications for Steel Bridges i2mo, 50 

Wood’s (De V.) Treatise on the Resistance of Materials, and an Appendix on 

the Preservation of Timber 8vo, 2 oo-' 

Wood’s (De V.) Elements of Analytical Mechanics 8vo, 3 o» 

Wood’s (M. P.) Rustless Coatings: Corrosion and Electrolysis of Iron and 

Steel 8vo, 4 oo> 


RAILWAY ENGINEERING. 


Andrew’s Handbook for Street Railway Engineers 3x5 inches, morocco, 

Berg’s Buildings and Structures of American Railroads 4to, 

Brook’s Handbook of Street Railroad Location i6mo, morocco, 

Butt’s Civil Engineer’s Field-book i6mo, morocco, 

Crandall’s Transition Curve i6mo, morocco, 

Railway and Other Earthwork Tables. 8vo, 

Crookett’s Methods for Earthwork Computations. (In Press) 

Dawson’s “Engineering” and Electric Traction Pocket-book . . i6mo, morocco 

Dredge’s History of the Pennsylvania Railroad: (1879) Paper, 

Fisher’s Table of Cubic Yards ; Cardboard, 

Godwin’s Railroad Engineers’ Field-book and Explorers’ Guide. . .i6mo, mor., 
Hudson’s Tables for Calculating the Cubic Contents of Excavations and Em- 
bankments ® v0 * 

Molitor and Beard’s Manual for Resident Engineers i6mo, 

Nagle’s Field Manual for Railroad Engineers i6mo, morocco, 

Philbrick’s Field Manual for Engineers i6mo, morocco, 


Raymond’s Elements of Railroad Engineering. (In Press.) 

f) 


1 25 
5 00 

1 50 

2 50 

x 50* 

1 5® 

5 oo> 
5 oo- 
25 

2 50 

1 oo» 

X 00> 

3 00 
3 00 


Searles’s Field Engineering i6mo, morocco, 3 00 

Railroad SpiraL i6mo, morocco, x 50 

Taylor's Prismoidal Formulae and Earthwork. 8vo, 1 50 

* Trau twine’s Method of Calculating the Cube Contents of Excavations and 

Embankments by the Aid of Diagrams. 8vo, 2 00 

The Field Practice of Laying Out Circular Curves for Railroads. 

i2mo, morocco, 2 so 

Cross-section Sheet Paper, 25 

Webb’s Railroad Construction i6mo, morocco, 5 00 

Economics of Railroad Construction Large nmo, 2 50 

Wellington’s Economic Theory of the Location of Railways Small 8vo., 5 00 


DRAWING. 


Barr’s Kinematics of Machinery 8vo, 2 50 

* Bartlett’s Mechanical Drawing. 8vo, 3 00 

* “ “ " Abridged Ed 8vo, 1 50 

Coolidge’s Manual of Drawing 8vo, paper, 1 00 

Coolidge and Freeman’s Elements of General Drafting for Mechanical Engi- 
neers Oblong 4to, 2 50 

Durley’s Kinematics of Machines 8vo, 4 00 

Emch’s Introduction to Projective Geometry and its Applications 8vo, 2 50 

Hill’s Text-book on Shades and Shadows, and Perspective 8vo, 2 00 

Jamison’s Elements of Mechanical Drawing 8vo, 2 50 

Advanced Mechanical Drawing 8vo, 2 00 

Jones’s Machine Design: 

Parti. Kinematics of Machinery 8vo, 1 50 

Part II. Form, Strength, and Proportions of Parts , .8vo, 3 00 

MacCord’s Elements of Descriptive Geometry 8vo, 3 00 

Kinematics; or, Practical Mechanism 8vo, 5 00 

Mechanical Drawing 4to, 4 00 

Velocity Diagrams 8vo, 1 50 

MacLeod’s Descriptive Geometry Small 8vo, 1 50 

* Mahan's Descriptive Geometry and Stone-cutting 8vo, 1 so 

Industrial Drawing. (Thompson.) 8vo, 3 50 

Moyer’s Descriptive Geometry 8vo, 2 00 

Reed’s Topographical Drawing and Sketching 4to, 5 00 

Reid’s Course in Mechanical Drawing 8vo, 2 00 

Text-book of Mechanical Drawing and Elementary Machine Design. 8vo, 3 00 

Robinson’s Principles of Mechanism 8vo, 3 00 

Schwamb and Merrill’s Elements of Mechanism 8vo, 3 00 

Smith’s (R. S.) Manual of Topographical Drawing. (McMillan.) 8vo, 2 50 

Smith (A. W.) and Marx’s Machine Design 8vo, 3 00 

* Titsworth’s Elements of Mechanical Drawing Oblong 8vo, 1 2s 

Warren’s Elements of Plane and Solid Free-hand Geometrical Drawing. i2mo, 1 00 

Drafting Instruments and Operations nmo, 1 25 

Manual of Elementary Projection Drawing nmo, 1 so 

Manual of Elementary Problems in the Linear Perspective of Form and 

Shadow i2mo, 1 00 

Plane Problems in Elementary Geometry nmo, 1 25 

Elements of Descriptive Geometry, Shadows, and Perspective 8vo, 3 so 

General Problems of Shades and Shadows 8vo, 3 00 

Elements of Machine Construction and Drawing 8vo, 7 50 

Problems, Theorems, and Examples in Descriptive Geometry 8vo, 2 50 

Weisbach’s Kinematics and Power of Transmission. (Hermann and 

Klein.) 8vo, 5 o a 

Whelpley’s Practical Instruction in the Art of Letter Engraving nmo, 2 00 

Wilson’s (H. M.) Topographic Surveying 8vo, 3 50 
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Wilson's (V. T. ) Free-hand Perspective 

Wilson's (V. T.) Free-hand Lettering 

Woolf’s Elementary Course in Descriptive Geometry. 


8vo, 2 so 

8vd, i oo 

Large 8vo, 3 00 


ELECTRICITY AND PHYSICS. 

* Abegg’s Theory of Electrolytic Dissociation. (Von Ende.) . . i2mo, 1 25 

Anthony and Brackett’s Text-book of Physics. (Magie.) Small 8vo, 3 00 

Anthony’s Lecture-notes on the Theory of Electrical Measurements x2mo, 1 00 

Benjamin’s History of Electricity. g vo ’ f 3 OQ 

Voltaic Cell 8vo, 3 0o 

Betts’s Lead Refining and Electrolysis. (In Press.) 


■Classen’s Quantitative Chemical Analysis by Electrolysis. (Boltwood.).8vo, 3 00 

* Collins's Manual of Wireless Telegraphy i2mo, 1 50 

Morocco, 2 00 

Crehore and Squier’s Polarizing Photo-chronograph 8vo, 3 00 

•* Danneel’s Electrochemistry. (Merriam.) i2mo, 1 25 

Dawson’s “Engineering" and Electric Traction Pocket-book. i6mo, morocco, 5 00 
Dolezalek’s Theory of the Lead Accumulator (Storage Battery). (Von Ende.) 


Duhem’s Thermodynamics and Chemistry. (Burgess.) 8vo, 

Flather’s Dynamometers, and the Measurement of Power i2mo, 

Gilbert’s De Magnete. (Mottelay.) 8vo, 

Hanchett's Alternating Currents Explained i2mo, 

Bering’s Ready Reference Tables (Conversion Factors) iomo, morocco, 

Hobart and Ellis’s High-speed Dynamo Electric Machinery. (In Press.) 

Holman’s Precision of Measurements 8vo, 

Telescopic Mirror-scale Method, Adjustments, and Tests Large 8vo, 

Karapetoff’s Experimental Electrical Engineering. (In Press.) 

Kinzbrunner’s Testing of Continuous-current Machines 8vo, 

Landauer’s Spectrum Analysis. (Tingle.) 8vo, 

Le Chatelier’s High-temperature Measurements. (Boudouard — Burgess.) i2mo. 
Lob’s Electrochemistry of Organic Compounds. (Lorenz.) 8vo, 

* Lyons’s Treatise on Electromagnetic Phenomena. Vols. I. and H. 8vo, each, 

* Michie’s Elements of Wave Motion Relating to Sound and Light. 8vo, 

Niaudet’s Elementary Treatise on Electric Batteries. (Fishback.) i2mo, 

Norris’s Introduction to the Study of Electrical Engineering. (In Press.) 

* ParshaR and Hobart’s Electric Machine Design 4to, half morocco, 

Reagan’s Locomotives: Simple, Compound, and Electric. New Edition. 

Large i2mo, 

* Rosenberg’s Electrical Engineering. (Haldane Gee — Kinzbrunner.). . .8vo, 

Ryan, Norris, and Hoxie’s Electrical Machinery. Vol. 1 8vo, 

Thurston’s Stationary Steam-engines 8vo, 

* Tillman's Elementary Lessons in Heat 8vo, 

Tory and Pitcher’s Manual of Laboratory Physics Small 8vo, 

Hike’s Modern Electrolytic Copper Refining 8vo, 


2 50 
4 00 

3 00 
2 50 

1 00 

2 50 

2 00 
75 

2 00 

3 00 
3 00 

3 00 
6 00 

4 00 

2 50 

12 so 

3 50 
2 00 
2 50 
2 50 

1 50 

2 OO 

3 OO 


LAW. 

* Davis’s Elements of Law 8vo, 2 50 

* Treatise on the Military Law of United States 8vo, 700 

* Sheep, 7 5 o 

* Dudley’s Military Law and the Procedure of Courts-martial . . . Large i2tno. 2 50 

Manual for Courts-martial i6mo, morocco, 1 so 

Wait's Engineering and Architectural Jurisprudence 8vo, 6 00 

Sheep, 6 50 

Law of Operations Preliminary to Construction in Engineering and Archi- 
tecture 8vo s 00 

Sheep, 5 50 

Law of Contracts 8vo, 3 00 

Winthrop's Abridgment of Military Law i2mo, 2 so 
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MANUFACTURES. 

Bernadou’s Smokeless Powder— Nitro-cellulose and Theory of the Cellulose 

Molecule 121110 > 2 

Bolland’s Iron Founder nmo ' 3 

The Iron Founder,” Supplement i2mo, 2 

Encyclopedia of Founding and Dictionary of Foundry Terms Used in the 
Practice of Moulding mo, 3 

* Claassen’s Beet-sugar Manufacture. (Hall and Rolfe.) 8vo, 3 

* Eckel’s Cements, Limes, and Plasters 8v0 > 6 

Eissler’s Modern High Explosives 8v0 * 4 

Effront’s Enzymes and their Applications. (Prescott.) ,8vo, 3 

Fitzgerald’s Boston Machinist I2m0 > 1 

Ford’s Boiler Making for Boiler Makers 181110, 1 

Herrick’s Denatured or Industrial Alcohol. . ■ 8v0 > <1 

Holley and Ladd’s Analysis of Mixed Paints, Color Pigments, ana Varnishes. 

(In Press.) 

Hopkins’s Oil-chemists’ Handbook 8vo > •; 

Keep’s Cast Iron 8v0 '> - 

Leach’s The Inspection and Analysis of Food with Special Reference to State 

Control Large 8vo, 1 

* McKay and Larsen’s Principles and Practice of Butter-making 8vo, 

Maire’s Modem Pigments ana their Vehicles. (In Press.) 

Matthews’s The Textile Fibres. 2d Edition, Rewritten , 8vo, . 

Metcalf’s Steel. A Maunal for Steel-users 12010, . 

Metcalfe’s Cost of Manufactures— And the Administration of Workshops . 8vo, ; 

Meyer’s Modern Locomotive Construction 4to, n 

Morse’s Calculations used in Cane-sugar Factories 161110, morocco, 

* Reisig’s Guide to Piece-dyeing 8vo > 2 

Rice’s Concrete-block Manufacture Bvo, 

Sabin’s Industrial and Artistic Technology of Paints and Varnish 8vo, 

Smith’s Press-working of Metals 8vo > 

Spalding’s Hydraulic Cement 

Spencer’s Handbook for Chemists of Beet-sugar Houses i6mo, morocco, 


Thurston’s Manual of Steam-boilers, their Designs, Construction and Opera- 
tion 8vo - 

Ware’s Beet-sugar Manufacture and Refining. Vol. I Small 8vo, 

<« «« “ “ “ Vol. II 8vo, 

Weaver’s Military Explosives 8vo, 

West’s American Foundry Practice 12010, 

Moulder’s Text-book i2tno, 

Wolff’s Windmill as a Prime Mover 8vo, 

Wood’s Rustless Coatings: Corrosion and Electrolysis of Iron and Steel. .8vo, 

MATHEMATICS. 

Baker’s Elliptic Functions 8vo, 

Briggs’s Elements of Plane Analytic Geometry i2mo, 

Buchanan’s Plane and Spherical Trigonometry. (In Press.) 

Compton’s Manual of Logarithmic Computations i2mo, 

Davis’s Introduction to the Logic of Algebra 8vo, 

* Dickson’s College Algebra Large nmo, 

* Introduction to the Theory of Algebraic Equations Large i2mo, 

Emch’s Introduction to Projective Geometry and its Applications 8vo, 

Halsted’s Elements of Geometry -8vo, 

Elementary Synthetic Geometry 8vo, 

* Rational Geometry . ' 
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♦Johnson's (J. B.) Three-place Logarithmic Tables: Vest-pqcket size. paper,' 

100 copies for 

* Mounted on heavy cardboard, 8X10 inches, 

10 copies for 

Johnson’s (W. W.) Elementary Treatise on Differential Calculus. .Small 8vo, 
Elementary Treatise on the Integral Calculus Small 8vo, 

Johnson’s (W. W.) Curve Tracing in Cartesian Co-ordinates i2mo, 

Johnson’s (W. W.) Treatise on Ordinary and Partial Differential Equations. 

Small 8vo, 

Johnson’s Treatise on the Integral Calculus . . S mall 8vo, 

Johnson’s (W. W.) Theory of Errors and the Method of Least Squares . nmo, 

* Johnson’s (W. W.) Theoretical Mechanics xamo, 

Laplace’s Philosophical Essay on Probabilities. (Truscott and Emory. ).nmo, 

* Ludlow and Bass. Elements of Trigonometry and Logarithmic and Other 

Tables 8vo, 

Trigonometry and Tables published separately Each, 

* Ludlow's Logarithmic and Trigonometric Tables ■ 8vo, 

Manning’s IrrationalN umbers and their Representation by Sequences and Series 

i2mo, 

Mathematical Monographs. Edited by Mansfield Merriman and Robert 

S. Woodward Octavo, each 

No. i. History of Modern Mathematics, by David Eugene Smith. 

No. 2. Synthetic Projective Geometry, by George Bruce Halsted. 

No. 3. Determinants, by Laenas Gifford Weld. No. 4. Hyper- 
bolic Functions, by James McMahon. No. Harmonic Func- 
tions, by William E. Byerly. No. 6. Grassmann’s Space Analysis, 
by Edward W. Hyde. No. 7. Probability and Theory of Errors, 
by Robert S. Woodward. No. 8. Vector Analysis and Quaternions, 
by Alexander Macfarlane. No. 9. Differentia] Equations, by 
William Woolsey Johnson. No. 10. The Solution of Equations, 
by Mansfield Merriman. No. XI. Functions of a Complex Variable, 


by Thomas S. Fiske. 

Maurer’s Technical Mechanics 8vo, 

Merriman’s Method of Least Squares 8vo, 

Rice and Johnson’s Elementary Treatise on the Differential Calculus. . Sm. 8vo, 

Differential and Integral Calculus. 2 vols. in one Small 8vo, 

* Veblen and Lennes’s Introduction to the Real Infinitesimal Analysis of One 

Variable 8vo, 

Wood’s Elements of Co-ordinate Geometry . .' 8vo, 

Trigonometry: Analytical, Plane, and Spherical i 2 mo, 


*5 
5 Oo 
25 

2 00 

3 Oo 
1 So- 
1 Oo 

3 So 
3 Oo 

1 So 
3 oo 

2 OO 

3 oo 
2 Oo 
1 00 

1 

I 00 


4 00 

2 00 

3 Oo 
3 So 

2 OO 
2 00 

X 00 


MECHANICAL ENGINEERING. 

MATERIALS OF ENGINEERING, STEAM-ENGINES AND BOILERS. 


Bacon's Forge Practice 

Baldwin’s Steam Heating for Buildings i 2 mo, 

Barr’s Kinematics of Machinery 8vo, 

* Bartlett’s Mechanical Drawing 8vo, 

* “ “ “ Abridged Ed 8vo, 

Benjamin’s Wrinkles and Recipes i 2 mo, 

Carpenter’s Experimental Engineering 8vo, 

Heating and Ventilating Buildings 8vo, 

Clerk’s Gas and Oil Engine Small 8vo, 

Coolidge’s Manual of Drawing 8vo, paper, 

Coolidge and Freeman’s Elements of General Drafting for Mechanical En- 
gineers Oblong 4 to, 

Cromwell’s Treatise on Toothed Gearing I2mo > 

Treatise on Belts and Pulleys izmo, 


x so 
2 .5 o 

2 so 

3 00 

1 So 

2 00 
6 00 

4 00 
4 00 
x 00 

2 50 
X SO 
I SO 
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Durley’s Kinematics of Machines 8vo, 4 00 

Flather’s Dynamometers and the Measurement of Power i2mo, 3 00 

Rope Driving i2mo, 2 00 

Gill’s Gas and Fuel Analysis for Engineers nmo, 1 25 

Hall’s' Car Lubrication i2mo, 1 00 

Hering’s Ready Reference Tables (Conversion Factors) i6mo, morocco, 2 50 

Hutton’s The Gas Engine 8vo, 500 

Jamison’s Mechanical Drawing 8vo, 2 50 

Jones's Machine Design: 

Parti. Kinematics of Machinery 8vo, 1 50 

Part II. Form, Strength, and Proportions of Parts 8vo, 300 

Kent’s Mechanical Engineers’ Pocket-book i6mo, morocco, 5 00 

Kerr’s Power and Power Transmission 8vo, 2 00 

Leonard’s Machine Shop, Tools, and Methods 8vo, 4 00 

* Lorenz’s Modern Refrigerating Machinery. (Pope, Haven, and Dean.) . . 8vo, 4 00 

MacCord’s Kinematics; or, Practical Mechanism 8vo, 5 00 

Mechanical Drawing 4 to, 4 00 

Velocity Diagrams 8vo, 1 50 

MacFarland’s Standard Reduction Factors for Gases 8vo, x 50 

Mahan's Industrial Drawing. (Thompson.) 8vo, 3 50 

Poole’s Calorific Power of Fuels 8vo, 3 00 

Reid’s Course in Mechanical Drawing 8vo, 2 00 

Text-book of Mechanical Drawing and Elementary Machine Design. 8vo, 3 00 

Richard’s Compressed Air i2mo, 1 50 

Robinson’s Principles of Mechanism 8vo, 3 00 

Schwamb and Merrill’s Elements of Mechanism 8vo, 3 00 

Smith’s (0.) Press-working of Metals 8vo, 3 00 

Smith (A. W.) and Marx’s Machine Design 8yo, 3 00 

Thurston’s Treatise on Friction and Lost Work in Machinery and Mill 

Work 8vo, 3 00 

Animal as a Machine and Prime Motor, and the Laws of Energetics. X2mo, 1 00 

Tillson’s Complete Automobile Instructor i6mo, 1 50 

Morocco, 2 00 

Warren’s Elements of Machine Construction and Drawing 8vo, 7 50 

Weisbach’s Kinematics and the Power of Transmission. (Herrmann — 

Klein.) 8vo, 5 00 

Machinery of Transmission and Governors. (Herrmann — Klein.) . .8vo, 500 

Wolff’s Windmill as a Prime Mover 8vo, 3 00 

Wood’s Turbines 8vo, 2 50 

MATERIALS OF ENGINEERING. 

* Bovey’s Strength of Materials and Theory of Structures 8vo, 7 50 

Burr’s Elasticity and Resistance of the Materials of Engineering. 6th Edition. 

Reset 8vo, 7 50 

Church’s Mechanics of Engineering 8vo, 6 00 

* Greene’s Structural Mechanics .-8vo, 2 50 

Johnson’s Materials of Construction 8vo, 6 00 

Keep’s Cast Iron 8vo, 2 50 

Lanza’s Applied Mechanics 8vo, 7 50 

Martens ’s Handbook on Testing Materials. (Henning.) 8vo, 730 

Maurer’s Technical Mechanics 8vo, 4 00 

Merriman’s Mechanics of Materials 8vo, 5 00 

* Strength of Materials i2mo, 1 00 

Metcalf’s Steel. A Manual for Steel-users i2mo, 200 

Sabin’s Industrial and Artistic Technology of Paints and Varnish 8vo, 3 00 

Smith's Materials of Machines nmo, 1 00 

Thurston’s Materials of Engineering 3 vols., 8vo, 8 00 

Part II. Iron and Steel 8vo, 3 50 

Part m. A Treatise on Brasses, Bronzes, and Other Alloys and their 

Constituents 8vo, 2 30 
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Wood’s (De V.) Treatise on the Resistance of Materials and an Appendix on 


the Preservation of Timber g vo> a 00 

Elements of Analytical Mechanics 8vo, 3 00 

Wood's (M. P.) Rustless Coatings-. Corrosion and Electrolysis of Iron and 

Steel. . 8vo, ^ OQ 

STEAM-ENGINES AND BOILERS. 

Berry’s Temperature-entropy Diagram i2mo, 1 25 

Carnot’s Reflections on the Motive Power of Heat. (Thurston.) i2mo, 1 50 

Creighton’s Steam-engine and other Heat-motors 8vo, 500 

Dawson's "Engineering" and Electric Traction Pocket-book. . . ,i6mo, mor., 5 00 

Ford’s Boiler Making for Boiler Makers i8mo, 1 00 

Goss’s Locomotive Sparks Svo, 2 00 

Locomotive Performance . 8vo, 5 00 

Hemenway’s Indicator Practice and Steam-engine Economy i2mo, 2 00 

Hutton's Mechanical Engineering of Power Plants 8vo, 5 00 

Heat and Heat-engines 8vo, 5 00 

Kent’s Steam boiler Economy 8vo, 4 00 

Kneass’s Practice and Theory of the Injector 8vo, 1 so 

MacCord’s Slide-valves 8vo, 2 00 

Meyer’s Modern Locomotive Construction 4to. 10 00 

Peabody’s Manual of the Steam-engine Indicator iamo. 1 so 

Tables of the Properties of Saturated Steam and Other Vapors 8vo, x 00 

Thermodynamics of the Steam-engine and Other Heat-engines 8vo, 5 00 

Valve-gears for Steam-engines 8vo, 2 50 

Peabody and Miller’s Steam-boilers 8vo, 4 00 

Pray’s Twenty Years with the Indicator Large 8vo, 2 50 

Pupin’s Thermodynamics of Reversible Cycles in Gases and Saturated Vapors. 

(Osterberg.) X2mo, x 25 

Reagan’s Locomotives: Simple, Compound, and Electric. New Edition. 

Large i2mo, 3 50 

Sinclair’s Locomotive Engine Running and Management i2mo, 2 00 

Smart’s Handbook of Engineering Laboratory Practice i2mo, 2 50 

Snow’s Steam-boiler Practice 8vo, 3 00 

Spangler’s Valve-gears 8vo, 2 50 

Notes on Thermodynamics . i2mo, 1 00 

Spangler, Greene, and Marshall’s Elements of Steam-engineering 8vo, 3 00 

Thomas’s Steam-turbines 8vo, 3 50 

Thurston’s Handy Tables r 8vo, 1 50 

• Manual of the Steam-engine 2Vols.,8vo, 10 00 

Part L History, Structure, and Theory. 8vo, 6 00 

Part II. Design> Construction, and Operation 8vo, 6 00 

Handbook of Engine and Boiler Trials, and the Use of the Indicator and 

the Prony Brake. 8vo, 5 00 

Stationary Steam-engines 8vo, 2 50 

Steam-boiler Explosions in Theory and in Practice i2mo, 1 50 

Manual of Steam-boilers, their Designs, Construction, and Operation. 8vo, 5 00 

Wehrenfenning’s Analysis and Softening of Boiler Feed-water (Patterson) 8vo, 4 00 

Weisbach’s Heat, Steam, and Steam-engines. (Du Bois.) .Svo, 5 00 

Whitbam’s Steaotrengine Design. 8vo, 5 00 

Wood’s Thermodynamics, Heat Motors, and Refrigerating Machines . . .8vo, 4 00 


MECHANICS AND MACHINERY. 


Barr’s Kinematics of Machinery 8vo, a 50 

• Bovey’s Strength of Materials and Theory of Structures 8 vo, 7 5 ® 

Chase’s The Art of Pattern-making xamo, 2 50 
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Spangler, Greene, and Marshall's Elements of Steam-engineering 8vo. 3 00 

Thurston's Treatise on Friction and Lost Work in Machinery and Mill 

Work 8vo, 3 00 

Animal as a Machine and Prime Motor, and the Laws of Energetics. i:mo, 1 00 

Tillson’s Complete Automobile Instructor x6mo, 1 so 

Morocco. 2 00 

Warren’s Elements of Machine Construction and Drawin-’,. 8vo, 7 so 

' Weisbach’s Kinematics and Power ot Transmission. (Herrmann — Klein.). 8vo. 500 

L Machinery of Transmission and Governors. (Herrmann — Klein. ).8vo. 5 00 

| Wood’s Elements of Analytical Mechanics 8vo, 3 00 

1 Principles of Elementary Mechanics i2mo, x 25 

f ' Turbines 8vo, 2 50 

j The World’s Columbian Exposition of 1893 4 t0 > 1 00 

MEDICAL. 

* Bolduan’s Immune Sera 12mo, 1 5° 

He Fursac’s Manual of Psychiatry. (Rosanoff and Collins.). . . .Large nmo, 2 50 

; Ehrlich’s Collected Studies on Immunity. (Bolduan.) 8vo, 600 

* Fischer’s Physiology of Alimentation Large i2mo, cloth, 2 00 

Hammarsten’s Text-book on Physiological Chemistry. (Mandel.) 8vo, 4 00 

Lassar-Cohn’s Practical Urinary Analysis. (Lorenz.) r2iro, 1 00 

* Pauli’s Physical Chemistry in the Service of Medicine. (Fischer.) . . . . 121110, 1 25 

* Pozzi-Escot’s The Toxins and Venoms and their Antibodies. (Cohn.), nmo, x 00 

Rostoski’s Serum Diagnosis. (Bolduan.) nmo, . 1 00 

Salkowski’s Physiological and Pathological Chemistry. (Orndorff.) 8vo, 2 so 

* Satterlee’s Outlines of Human Embryology nmo, x 25 

Steel’s Treatise on the Diseases of. the Dog 8vo, 3 50 

Von Behring’s Suppression of Tuberculosis. (Bolduan.) i2mo, x 00 

Woodhull’s Notes on Military Hygiene x6mo, 1 50 

* Personal Hygiene xzmo, 1 00 

1 * Wulling’s An Elementary Course in Inorganic Pharmaceutical and Medical 

Chemistry izmo, 2 00 

! METALLURGY. 

Betts’s Lead Refining by Electrolysis. (In Press.) 

Egleston’s Metallurgy of Silver, Gold, and Mercury : 

( Vol. I. Silver 8vo, 7 50 

| * Vol. II. Gold and Mercury 8vo. 7 So 

Goesel’s Minerals and Metals: A Reference Book x6mo,mor. 3 00 

* Iles’s head-smelting X2mo, 2 50 

Keep’s Cast Iron 8vo, 2 50 

» Kunhardt’s Practice of Ore Dressing in Europe 8vo, 1 50 

j Le Chatelier’s High-temperature Measurements. (Boudouard — Burgess. )i2mo, 3 °o 

Metcalf’s Steel. A Manual for Steel-users 12210, 2 00 

| Miller’s Cyanide Process »mo, 1 00 

Minet’s Production of Aluminum and its Industrial Use. (Waldo.).,, .nmo, 2 50 

Robine and Lenglen’s Cyanide Industry. (Le Clerc.) . 8vo, 400 

Smith’s Materials of Machines ixmo, 1 00 

Thurston’s Materials of Engineering. In Three Parts 8vo, 8 eo 

Part EL Iron and SteeL .8vo, 3 50 

! ' Part HI. A Treatise on Brasses, Bronzes, and Other Alloys and their 

Constituents 8vo, 2 so 

Ulke’s Modern Electrolytic Copper Refining , 8vo, 3 00 


MINERALOGY. 

Barringer’s Description of Minerals of Commercial Value. Oblong, morocco, a , 50 

Boyd’s Resources of Southwest Virginia. 8vo, 13 00, 
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Cheater’s Catalogue of Minerals. 8vo, paper, i o 

Cloth, i 2 

Dictionary of the Names of Minerals 8vo, 3 5 

Dana's System of Mineralogy Large 8vo, half leather, 12 5 

First Appendix to Dana’s New “ System of Mineralogy.” Large 8vo, 1 0 

Text-book of Mineralogy , L 0 

Minerals and How to Study Them i2mo, x 5 

Catalogue of American Localities of Minerals. . . ' Large 8vo 1 0 

Manual of Mineralogy and Petrography i2mo 2 c 

Douglas’s Untechnical Addresses on Technical Subjects i2mo, 1 o 

Eakle’s Mineral Tables 8vo, 12 

Egleston’s Catalogue of Minerals and Synonyms 8vo, 2 5 

Goesel’s Minerals and Metals: A Reference Book ibmo.mor. 30 

Groth’s Introduction to Chemical Crystallography (Marshall) 12'mo, 1 2 

Iddings’s Rock Minerals 8vo, 5 o 

Johannsen’s Key for the Determination of Rock-forming Miner al s in Thin 
Sections. (In Press.) 

* Martin’s Laboratory Guide to Qualitative Analysis with the Blowpipe. !2mo, 6 

Merrill’s Non-metallic Minerals. Their Occurrence and Uses 8vo, 40 

Stones for Building and Decoration 8vo, 5 o 

* Penfield’s Notes on Determinative Mineralogy and Record of Mineral Tests. 

8vo, paper, 51 

Tables of Minerals 1 0 

* Richards’s Synopsis of Mineral Characters i2mo. morocco, 1 2; 

* Ries’s Clays. Their Occurrence. Properties, and Uses 8vo, 5 o< 


Rosenbusch’s Microscopical Physiography of the Rock-making Minerals. 


(Iddings.), 


8vo, 5 01 


* Tillman’s Text-book of Important Minerals and Rocks .8vo, 2 01 


MINING. 


Beard’s Mine Gases and Explosions. (In Press.) 

Boyd’s Resources of Southwest Virginia 8vo, 3 o 

Map of Southwest Virginia Pocket-book form, 2 o 

Douglas’s Untechnical Addresses on Technical Subjects i2mo, 1 o 

Eissler’s Modern High Explosives .8vo, 4 o 

Goesel’s Minerals and Metals : A Reference Book i6mo, mor. 3 o 

Goodyear’s Coal-mines of the Western Coart of the United States i2mo, 2 5 

Ihlseng’s Manual of Mining 8vo, 5 o 

* Bes’s Lead-smelting i2mo, 2 51 

Kunhardt’s Practice of Ore Dressing in Europe 8vo, 1 5' 

Miller’s Cyanide Process nmo, x o< 

O’DriscoIPs Notes on the Treatment of Gold Ores 8vo, 2 01 

Robine and Lenglen’s Cyanide Industry. (Le Clerc.) 8vo, 40 

Weaver’s Military Explosives 8vo, 3 Oi 

Wilson’s Cyanide Processes nmo, 1 51 

Chlprination Process nmo, 1 $ 

Hydraulic arid' Placer Mining. 2d edition, rewritten nmo, 2 5< 

Treatise on Practical and Theoretical'Mine Ventilation nmo, I 2 ; 


SANITARY SCIENCE. 


Bashore's Sanitation of a Country House 

* Outlines oi Practical Sanitation 

Folwell’s Sewerage. (Designing, Construction, and Maintenance.). 


Water-supply Engineering. 


x2mo, 1 00 
.xamo, r 25 
. . 8 vo, 3 00 
. .8 to , 4 00 
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Fowler’s Sewage Works Analyses a t nms, 

JFuertes’s Water and Public Health. ,T. A . . : nmo, 

Water-filtration Works i2mo, 

Gerhard's Guide to Sanitary House-inspection i6mo, 

Sanitation of Public Buildings 12 mo, 

Hazen’s Filtration of Public Water-supplies 8vo, 

leach’s The Inspection and Analysis of Food with Special Reference to State 

Control , .8vo, 

.Mason’s Water-supply. (Considered principally from a Sanitary Standpoint) 8vo, 
Examination of Water. (Chemical and Bacteriological.) nmo, 

* Merriman's Elements of Sanitary Engineering 8vo, 

Ogden’s Sewer Design i2mo, 

Prescott and Winslow’s Elements of Water Bacteriology, with Special Refer- 
ence to Sanitary Water Analysis i2mo, 

* Price’s Handbook on Sanitation nmo, 

.Richards’s Cost of Food. A Study in Dietaries i2mo, 

Cost of Living as Modified by Sanitary Science r2mo, 

Cost of Shelter nmo, 


Richards and Woodman’s Air. Water, and Food from a Sanitary Stand- 


.?! „ 

2 00 
r 50 

2 50 
1 00 

1 50 

3 00 

7 50 

4 00 

1 25 

2 OO 
2 00 

I 25 
I 50 

I OO 
I OO 
I 00 


point 8vo, 2 00 

* Richards and Williams’s The Dietary Computer 8vo, 1 50 

Rideal’s Sewage and Bacterial Purification of Sewage 8vo, 4 00 

Disinfection and the Preservation of Food .8vo, 400 

Turneaure and Russell’s Public Water-supplies 8vo, 5 00 

Von Behring’s Suppression of Tuberculosis. (Bolduan.) i2mo, 1 00 

Whipple’s Microscopy of Drinking-water 8vo, 3 So 

Wilson’s Air Conditioning. (In Press.) 

Winton’s Microscopy of Vegetable Foods 8vo, 7 50 

Woodhull’s Notes on Military Hygiene iCmo, 1 50 

* Personal Hygiene rimo, 1 00 




MISCELLANEOUS. 

Association of State and National Food and Dairy Departments (Interstate 
Pure Food Commission) : 

Tenth Annual Convention Held at Hartford, July 17 - 20 , 1906 . ...8vo, 3 00 

Eleventh Annual Convention, Held at Jamestown Tri-Centennial 
Exposition, July 16 - 19 , 1907 . (In Press.) 

Emmons’s Geological Guide-book of the Rocky Mountain Excursion of the 


International Congress of Geologists Large Cvo, 1 50 

Ferrel’s Popular Treatise on the Winds .8vo, 4 00 

■Gannett’s Statistical Abstract of the World 24010, 75 

•Gerhard’s The Modem Bath and Bath-houses. (In Press.) 

Haines’s American Railway Management i2mo, 2 so 

Ricketts’s History of Rensselaer Polytechnic Institute, 1824-1894.. Small 8vo, 3 00 

Rotherham’s Emphasized New Testament Large 8vo, 2 Oo 

■Standage’s Decorative Treatment of Wood, Glass, Metal, etc. (In Press.) 

The World’s Columbian Exposition of 1893 ' 4to, 1 00 

Winslow’s Elements of Applied Microscopy i2mo, 1 50 



HEBREW AND CHALDEE TEXT-BOOKS. 

Green’s Elementary Hebrew Grammar i2mo, x 25 

Hebrew Chrestomathy 8vo, 2 00 

•Gesenius’s Hebrew and Chaldee Lexicon to the Old Testament Scriptures. 

(Tregelles.) Small 4to, half morocco 5 00 

Letteris’s Hebrew Bible ' : .8vo, 2 25 
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